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Preface 


This text grew out of chapters 17-20 in Advanced Engineer- 
ing Mathematics, Second Edition (Jones and Bartlett Publishers), by Dennis 
G. Zill and the late Michael R. Cullen. This present work represents an ex- 
pansion and revision of that original material and is intended for use in either 
a one-semester or a one-quarter course. Its aim is to introduce the basic prin- 
ciples and applications of complex analysis to undergraduates who have no 
prior knowledge of this subject. 

The motivation to adapt the material from Advanced Engineering Math- 
ematics into a stand-alone text sprang from our dissatisfaction with the suc- 
cession of textbooks that we have used over the years in our departmental 
undergraduate course offering in complex analysis. It has been our experience 
that books claiming to be accessible to undergraduates were often written at a 
level that was too advanced for our audience. The “audience” for our junior- 
level course consists of some majors in mathematics, some majors in physics, 
but mostly majors from electrical engineering and computer science. At our 
institution, a typical student majoring in science or engineering does not take 
theory-oriented mathematics courses in methods of proof, linear algebra, ab- 
stract algebra, advanced calculus, or introductory real analysis. Moreover, 
the only prerequisite for our undergraduate course in complex variables is 
the completion of the third semester of the calculus sequence. For the most 
part, then, calculus is all that we assume by way of preparation for a student 
to use this text, although some working knowledge of differential equations 
would be helpful in the sections devoted to applications. We have kept the 
theory in this introductory text to what we hope is a manageable level, con- 
centrating only on what we feel is necessary. Many concepts are conveyed 
in an informal and conceptual style and driven by examples, rather than the 
formal definition/theorem/proof. We think it would be fair to characterize 
this text as a continuation of the study of calculus, but also the study of the 
calculus of functions of a complex variable. Do not misinterpret the preceding 
words; we have not abandoned theory in favor of “cookbook recipes”; proofs 
of major results are presented and much of the standard terminology is used. 
Indeed, there are many problems in the exercise sets in which a student is 
asked to prove something. We freely admit that any student—not just ma- 
jors in mathematics—can gain some mathematical maturity and insight by 
attempting a proof. But we know, too, that most students have no idea how 
to start a proof. Thus, in some of our “proof” problems, either the reader 
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is guided through the starting steps or a strong hint on how to proceed is 
provided. 

The writing herein is straightforward and reflects the no-nonsense style 
of Advanced Engineering Mathematics. 


We have purposely limited the number of chapters in this text 
to seven. This was done for two “reasons”: to provide an appropriate quantity 
of material so that most of it can reasonably be covered in a one-term course, 
and at the same time to keep the cost of the text within reason. 

Here is a brief description of the topics covered in the seven chapters. 


e Chapter 1 The complex number system and the complex plane are 
examined in detail. 


e Chapter 2 Functions of a complex variable, limits, continuity, and 
mappings are introduced. 


e Chapter 3 The all-important concepts of the derivative of a complex 
function and analyticity of a function are presented. 


e Chapter 4 The trigonometric, exponential, hyperbolic, and logarith- 
mic functions are covered. The subtle notions of multiple-valued func- 
tions and branches are also discussed. 


e Chapter 5 The chapter begins with a review of real integrals (in- 
cluding line integrals). The definitions of real line integrals are used to 
motivate the definition of the complex integral. The famous Cauchy- 
Goursat theorem and the Cauchy integral formulas are introduced in 
this chapter. Although we use Green’s theorem to prove Cauchy’s the- 
orem, a sketch of the proof of Goursat’s version of this same theorem is 
given in an appendix. 


e Chapter 6 This chapter introduces the concepts of complex sequences 
and infinite series. The focus of the chapter is on Laurent series, residues, 
and the residue theorem. Evaluation of complex as well as real integrals, 
summation of infinite series, and calculation of inverse Laplace and in- 
verse Fourier transforms are some of the applications of residue theory 
that are covered. 


e Chapter 7 Complex mappings that are conformal are defined and 
used to solve certain problems involving Laplace’s partial differential 
equation. 


Each chapter begins with its own opening page that includes a 
table of contents and a brief introduction describing the material to be covered 
in the chapter. Moreover, each section in a chapter starts with introduc- 
tory comments on the specifics covered in that section. Almost every section 
ends with a feature called Remarks in which we talk to the students about 
areas where real and complex calculus differ or discuss additional interesting 
topics (such as the Riemann sphere and Riemann surfaces) that are related 
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to, but not formally covered in, the section. Several of the longer sections, 
although unified by subject matter, have been partitioned into subsections; 
this was done to facilitate covering the material over several class periods. 
The corresponding exercise sets were divided in the same manner in order to 
make the assignment of homework easier. Comments, clarifications, and some 
warnings are liberally scattered throughout the text by means of annotations 
in the left margin marked by the symbol ©. 

There are a lot of examples and we have tried very hard to supply all 
pertinent details in the solutions of the examples. Because applications of 
complex variables are often compiled into a single chapter placed at the end 
of the text, instructors are sometimes hard pressed to cover any applications 
in the course. Complex analysis is a powerful tool in applied mathematics. So 
to facilitate covering this beautiful aspect of the subject, we have chosen to 
end each chapter with a separate section on applications. The exercise sets are 
constructed in a pyramidal fashion and each set has at least two parts. The 
first part of an exercise set is a generous supply of routine drill-type problems; 
the second part consists of conceptual word and geometrical problems. In 
many exercise sets, there is a third part devoted to the use of technology. 
Since the default operational mode of all computer algebra systems is complex 
variables, we have placed an emphasis on that type of software. Although we 
have discussed the use of Mathematica in the text proper, the problems are 
generic in nature. Answers to selected odd-numbered problems are given in 
the back of the text. Since the conceptual problems could also be used as 
topics for classroom discussion, we decided not to include their answers. Each 
chapter ends with a Chapter Review Quiz. We thought that something more 
conceptual would be a bit more interesting than the rehashing of the same 
old problems given in the traditional Chapter Review Exercises. Lastly, to 
illustrate the subtleties of the action of complex mappings, we have used two 
colors. 


UNO ealeyvaleeleaestestigcy) We would like to express our appreciation to our 


colleague at Loyola Marymount University, Lily Khadjavi, for volunteering to 
use a preliminary version of this text. We greatly appreciate her careful read- 
ing of the manuscript. We also wish to acknowledge the valuable input from 
students who used this book, in particular: Patrick Cahalan, Willa Crosby, 
Kellie Dyerly, Sarah Howard, and Matt Kursar. A deeply felt “thank you” 
goes to the following reviewers for their words of encouragement, criticisms, 
and thoughtful suggestions: 


Nicolae H. Pavel, Ohio University 

Marcos Jardim, University of Pennsylvania 

Ilia A. Binder, Harvard University 

Finally, we thank the editorial and production staff at Jones and Bartlett, 


especially our production manager, Amy Rose, for their many contributions 
and cooperation in the making of this text. 
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PN s¥erejute-i6) Although the preliminary versions of this book were class 


tested for several semesters, experience has taught us that errors—typos or 
just plain mistakes—seem to be an inescapable by-product of the textbook- 
writing endeavor. We apologize in advance for any errors that you may find 


and urge you to bring them to our attention. 
Dennis G. Zill 


Patrick D. Shanahan 
Los Angeles, CA 


T Complex Numbers 
and the 
Complex Plane 


1.1 Complex Numbers and Their Properties 
1.2 Complex Plane 
1.3. Polar Form of Complex Numbers 


1.4 Powers and Roots 


Riemann surface for arg(z). See 
page 97. 


1.5 Sets of Points in the Complex Plane 
1.6 Applications 
Chapter 1 Review Quiz 


Introduction In elementary courses you learned 
about the existence, and some of the properties, 
of complex numbers. But in courses in calculus, 
it is most likely that you did not even see a com- 
plex number. In this text we study nothing but 
complex numbers and the calculus of functions 
of a complex variable. 

We begin with an in-depth examination of 
the arithmetic and algebra of complex numbers. 


Chapter 1 Complex Numbers and the Complex Plane 


1.1 Complex Numbers and Their Properties 


No one person “invented” complex numbers, but controversies surrounding the use of these 
numbers existed in the sixteenth century. In their quest to solve polynomial equations by 
formulas involving radicals, early dabblers in mathematics were forced to admit that there 
were other kinds of numbers besides positive integers. Equations such as 27 + 2% + 2=0 
and x? = 6x + 4 that yielded “solutions” 1+ ./—1 and ¥/2+ ./—2 4+ +¥/2—./—2 caused 
particular consternation within the community of fledgling mathematical scholars because 
everyone knew that there are no numbers such as \/—I and /—2, numbers whose square is 
negative. Such “numbers” exist only in one’s imagination, or as one philosopher opined, “the 
imaginary, (the) bosom child of complex mysticism.” Over time these “imaginary numbers” 
did not go away, mainly because mathematicians as a group are tenacious and some are even 
practical. A famous mathematician held that even though “they exist in our imagination 

. nothing prevents us from. . . employing them in calculations.” Mathematicians 
also hate to throw anything away. After all, a memory still lingered that negative numbers 
at first were branded “fictitious.” The concept of number evolved over centuries; gradually 
the set of numbers grew from just positive integers to include rational numbers, negative 
numbers, and irrational numbers. But in the eighteenth century the number concept took a 
gigantic evolutionary step forward when the German mathematician Carl Friedrich Gauss 
put the so-called imaginary numbers—or complex numbers, as they were now beginning to 
be called—on a logical and consistent footing by treating them as an extension of the real 
number system. 

Our goal in this first section is to examine some basic definitions and the arithmetic of 
complex numbers. 


MMi bselatem@epsim leven after gaining wide respectability, through 


the seminal works of Karl Friedrich Gauss and the French mathematician Au- 
gustin Louis Cauchy, the unfortunate name “imaginary” has survived down 
the centuries. The symbol 7 was originally used as a disguise for the embar- 
rassing symbol /—1. We now say that i is the imaginary unit and define 
it by the property 7? = —l. Using the imaginary unit, we build a general 
complex number out of two real numbers. 


Definition 1.1 Complex Number 


A complex number is any number of the form z = a + ib where a and 
b are real numbers and 7 is the imaginary unit. 


ARS yesbtste)leeas The notations a + ib anda + bi are used interchangeably. 


The real number a in z = a+ ib is called the real part of z; the real number b 
is called the imaginary part of z. The real and imaginary parts of a complex 
number z are abbreviated Re(z) and Im(z), respectively. For example, if 


Note: The imaginary part of poe 2 = 4 — 9%, then Re(z) = 4 and Im(z) = —9. A real constant multiple 


sea 


97 is 


9 not —9%. of the imaginary unit is called a pure imaginary number. For example, 


z = 67 is a pure imaginary number. Two complex numbers are equal if their 
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corresponding real and imaginary parts are equal. Since this simple concept 
is sometimes useful, we formalize the last statement in the next definition. 


Definition 1.2 Equality 


Complex numbers z1 = a; + ib; and zg = ag + ibe are equal, z = 22, if 
ay = ag and by = bo. 


In terms of the symbols Re(z) and Im(z), Definition 1.2 states that z1 = z2 if 
Re(z1) = Re(z2) and Im(z,) = Im(zz). 

The totality of complex numbers or the set of complex numbers is usually 
denoted by the symbol C. Because any real number a can be written as 
z=a-+ Oi, we see that the set R of real numbers is a subset of C. 


Nwinevestciatem@jeleectaceyeee Complex numbers can be added, subtracted, 


multiplied, and divided. If z; = a; + ib, and zg = a2 + ib2, these operations 
are defined as follows. 


Addition: 4+ z= (ay = ib) + (ag ar ib2) = (ay + az) — i(dy + bz) 


Subtraction: 21-2 = (a, + iby) — (a2 + ibe) = (ay — ag) + i(b, — bo) 


Multiplication: 2 + z2 = (a1 + ibi)(ag + ibe) 


= a1a2 — bbe + i(by ag + ayb2) 


a 21 ay t+1bi 
Division: = —, dg #0, or bg £0 
22 ag + ibg 


aya + by be bya — aybe 
2 2 2 2 
as + b5 as + b5 


The familiar commutative, associative, and distributive laws hold for com- 
plex numbers: 


; 24+ 2g = 224+ 21 
Commutative laws: 
2122 = 2221 


, 2+ (2+ 23) = (21 + 22) + 28 
Associative laws: 


21 (2223) = (2122) 23 


Distributive law: 21 (29 + 23) = 2129 + 2123 


In view of these laws, there is no need to memorize the definitions of 
addition, subtraction, and multiplication. 
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Addition, Subtraction, and Multiplication 


(i) To add (subtract) two complex numbers, simply add (subtract) the 
corresponding real and imaginary parts. 


(ti) To multiply two compler numbers, use the distributive law and the 
fact that i? = —-1. 


The definition of division deserves further elaboration, and so we will discuss 
that operation in more detail shortly. 


EXAMPLE 1 Addition and Multiplication 
If 2, = 2 + 47 and zo = —3 + 8, find (a) 2; + 22 and (b) 2122. 


Solution (a) By adding real and imaginary parts, the sum of the two complex 
numbers z; and zg is 


zt zo = (24+ 47) + (-34 87) = (2-3) 4+ (44+8)i = -14 12%. 
(b) By the distributive law and i? = —1, the product of 2; and zg is 


2129 = (24 4%) (—3 + 871) = (2 + 42) (—3) + (2 4 42) (87) 
= —6 — 121 + 16i + 327? 
= (—6 — 32) + (16 — 12)i = —38 + 4%. 


——— ee 


VA\qer-veleMOsstiaye The zero in the complex number system is the num- 
ber 0 + Oi and the unity is 1 + 0%. The zero and unity are denoted by 0 and 


1, respectively. The zero is the additive identity in the complex number 
system since, for any complex number z = a + ib, we have z + 0 = z. To see 
this, we use the definition of addition: 


z+0= (a+ ib) + (04+ 01) =a4+04+i(b+0) =a+ib =z. 


Similarly, the unity is the multiplicative identity of the system since, for 
any complex number z, we have z-1 = z- (1+ 0%) = z. 

There is also no need to memorize the definition of division, but before 
discussing why this is so, we need to introduce another concept. 


(@feyayibrezetae| If z is a complex number, the number obtained by changing 
the sign of its imaginary part is called the complex conjugate, or simply 
conjugate, of z and is denoted by the symbol z. In other words, if z = a+ 7b, 
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then its conjugate is 7 = a — ib. For example, if z = 6 + 3%, then z = 6 — 33; 
if zg = —5 —7, then Z = —5 +7. If z is a real number, say, z = 7, then 
z= 7. From the definitions of addition and subtraction of complex numbers, 
it is readily shown that the conjugate of a sum and difference of two complex 
numbers is the sum and difference of the conjugates: 


2, + 2g = 21 + 22, 2 — 22 = 2% — 2a. (1) 
Moreover, we have the following three additional properties: 


al 


2122 = 2122, (+) = “5 Z= z, (2) 


22 


Of course, the conjugate of any finite sum (product) of complex numbers is 
the sum (product) of the conjugates. 

The definitions of addition and multiplication show that the sum and 
product of a complex number z with its conjugate Z is a real number: 


z2+2Z= (a+b) + (a— ib) = 2a (3) 
22 = (a+ ib)(a — ib) = a? — 77? = a? +B. (4) 


The difference of a complex number z with its conjugate Z is a pure imaginary 
number: 


z—Z=(a+ ib) — (a — ib) = 2ib. (5) 
Since a = Re(z) and b = Im(z), (3) and (5) yield two useful formulas: 


Re(z) = and Im(z) = ——. (6) 


However, (4) is the important relationship in this discussion because it enables 
us to approach division in a practical manner. 


Division 
To divide z, by z2, multiply the numerator and denominator of z1/z2 by 


the conjugate of z2. That is, 


Z1 = Z1 ; 5) = 2122 (7) 


22 22 22 Z92Z9 


and then use the fact that z2Z is the sum of the squares of the real and 
imaginary parts of Z2. 


The procedure described in (7) is illustrated in the next example. 


EXAMPLE 2 Division 
If 21] = 2—3¢ and z2 = 4+ 6%, find 21/22. 


Answer should be in the form a+ ib. 
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Solution We multiply numerator and denominator by the conjugate 
Z = 4 — 6% of the denominator z2 = 4+ 6% and then use (4): 


za 44+64 44+614—6i 42 + 62 7 52 


a4 2-31 2—314—62 8—12i-12i+18i7 -—10- 24% 


Because we want an answer in the form a+ bi, we rewrite the last result by 
dividing the real and imaginary parts of the numerator —10 — 24% by 52 and 
reducing to lowest terms: 


In the complex number system, every number z has a unique 
additive inverse. As in the real number system, the additive inverse of 
z=a-+tib is its negative, —z, where —z = —a — ib. For any complex number 
z, we have z + (—z) = 0. Similarly, every nonzero complex number z has a 
multiplicative inverse. In symbols, for z 4 0 there exists one and only one 
nonzero complex number z~! such that zz~! = 1. The multiplicative inverse 
z+ is the same as the reciprocal 1/2. 


LS 


EXAMPLE 3 Reciprocal 
Find the reciprocal of z = 2 — 37. 
Solution By the definition of division we obtain 


1 1 1 24+382 2+32 243% 


2 F233 5-3 723 440° 15 


That is, -=2°=—74+ 7-1. 


You should take a few seconds to verify the multiplication 


zz = (2-31) (4+ 33) =1. 


Comparison with Real Analysis 


(i) Many of the properties of the real number system R hold in the 
complex number system C, but there are some truly remarkable 
differences as well. For example, the concept of order in the 
real number system does not carry over to the complex number 
system. In other words, we cannot compare two complex numbers 
Zy = a, + tbh, by # 0, and z = ag + ibe, b2 # 0, by means of 
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inequalities. Statements such as z1 < 22 or z2 > 2, have no 
meaning in C except in the special case when the two num- 
bers z,; and z are real. See Problem 55 in Exercises 1.1. 
Therefore, if you see a statement such as z}] = az, a > O, 
it is implicit from the use of the inequality a > 0 that the sym- 
bol @ represents a real number. 


Some things that we take for granted as impossible in real analysis, 
such as e” = —2 and sinz = 5 when z is a real variable, are per- 
fectly correct and ordinary in complex analysis when the symbol x 
is interpreted as a complex variable. See Example 3 in Section 4.1 
and Example 2 in Section 4.3. 


We will continue to point out other differences between real analysis and 
complex analysis throughout the remainder of the text. 


[DRG DOU DS IE Answers to selected odd-numbered problems begin on page ANS-2. 


1. Evaluate the following powers of i. 


a) i® (b) it? 
c) 42 (d) ji05 
. Write the given number in the form a + 7b. 
a) 21° — 31? + 5i (b) 34° — 44 + 74° — 101? — 9 
5 2 20 és OA | fe 
+a im (d) 27 +(2) + 57 — 127 


In Problems 3-20, write the given number in the form a + ib. 


3. (5 — 92) + (2 — 4) 4. 3(4=72)=— 364 23) 
5. i(5 + 74) 6. i(4—i) + 4i(1 + 27) 
7. (2—3i)(44+4) 8. (5 — Z4) (34+ 34) 
9. 36+ 5 10. 

2—4i 10 — 5i 
ae eT a 6 + 2i 

(3 =2)(2+ 32) (1+4)(1 — 2%) 
ar or ae 14. (443i) 

(5 — 4i) — (3+ 72) (4+ 5i) + 23° 
15. ($28) + (2-31) De Serge 
17. i(1 —%)(2 —1)(2 + 62) 18. (1+4)?(1—i)° 
19. (34 6i) + (4—%)(3 + 52) 4 : - 20. @+ay (254) 
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In Problems 21—24, use the binomial theorem* 


(A+ By =A" 4 Bar tpy MOODY grag... 


n(n —1)(n—2)---(n—k+1) 


Atak Bk snes BM 


k! 
where n= 1, 2, 3, ... , to write the given number in the form a + 1b. 
21. (243%)? 95. (= 43)" 
23. (—24 21)° 24. (1+1)8 
In Problems 25 and 26, find Re(z) and Im(z). 
a 1 1 
25. z= 26. z= 
7 (4) (sau) 7 A+ — 2+ 31) 
In Problems 27-30, let z = «+ 7y. Express the given quantity in terms of x and y. 
27. Re(1/z) 28. Re(z?) 
29. Im(2z + 42 — 47) 30. Im(z? + z”) 


In Problems 31-34, let z = «+ ty. Express the given quantity in terms of the 
symbols Re(z) and Im(z). 


31. Re(iz) 32. Im(iz) 
33. Im((1+7)z) 34. Re(z?) 


In Problems 35 and 36, show that the indicated numbers satisfy the given equation. 
In each case explain why additional solutions can be found. 


VE, V2. 


} i. Find an additional solution, z2. 


35. 2741=0,2= 5 5 


36. 2A = 4; 2, =1+%, z= —1+71. Find two additional solutions, z3 and 24. 


In Problems 37-42, use Definition 1.2 to solve each equation for z = a+ ib. 


37. 22 = i(2+9i) 38. 2—-274+7-6i=0 
39. 22 =i 40. 2? =4z 
2-4 Zz 
Al. 7 42. = Ai 
ae igg 


In Problems 43 and 44, solve the given system of equations for z1 and ze. 
43. iz — izg = 2+ 102 44, tzi + (1 +i)zo =14 2% 
z1+(1—it)z2 =3- 52 (2—i)zi+ Qizo = 41 


Focus on Concepts 


45. What can be said about the complex number z if z = 2? If (z)? = (z)?? 


46. Think of an alternative solution to Problem 24. Then without doing any sig- 
nificant work, evaluate (1 + 1)°4%. 


*Recall that the coefficients in the expansions of (A + B)?, (A+ B)%, and so on, can 
also be obtained using Pascal’s triangle. 
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AT. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


For n a nonnegative integer, 7” can be one of four values: 1, i, —1, and —i. In 
each of the following four cases, express the integer exponent n in terms of the 
symbol k, wherek =0,1,2,.... 

(a)i7 =1 (b) i” =% 

(c) i” =—-1 (d) i” = -% 


There is an alternative to the procedure given in (7). For example, the quotient 
(5 + 62)/(1 + 7) must be expressible in the form a + ib: 


5 + 67 


os ib. 
T4i Qa+4 


Therefore, 5+ 62 = (1+7)(a+ib). Use this last result to find the given quotient. 
Use this method to find the reciprocal of 3 — 4%. 


Assume for the moment that 1 + 7 makes sense in the complex number system. 
How would you then demonstrate the validity of the equality 


VIti= b+ iv24in/—2 + 1 v2 


Suppose z1 and zg are complex numbers. What can be said about z1 or 22 if 
2122 = 0? 


Suppose the product z1z2 of two complex numbers is a nonzero real constant. 
Show that z2 = kz, where k is a real number. 


Without doing any significant work, explain why it follows immediately from 
(2) and (3) that 2122 + Z1z2 = 2Re(z122). 


Mathematicians like to prove that certain “things” within a mathematical sys- 
tem are unique. For example, a proof of a proposition such as “The unity in 
the complex number system is unique” usually starts out with the assumption 
that there exist two different unities, say, 11 and 12, and then proceeds to show 
that this assumption leads to some contradiction. Give one contradiction if it 
is assumed that two different unities exist. 


Follow the procedure outlined in Problem 53 to prove the proposition “The zero 
in the complex number system is unique.” 


A number system is said to be an ordered system provided it contains a 
subset P with the following two properties: 


First, for any nonzero number x in the system, either x or —ax 1s (but not both) 
in P. 

Second, if x and y are numbers in P, then both xy and «+ y are in P. 

In the real number system the set P is the set of positive numbers. In the real 
number system we say x is greater than y, written x > y, if and only if « — y 


is in P. Discuss why the complex number system has no such subset P. [Hint: 
Consider 7 and —i.] 
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1.2 Complex Plane 


A complex number z = x + iy is uniquely determined by an ordered pair of real numbers 
(a, y). The first and second entries of the ordered pairs correspond, in turn, with the 
real and imaginary parts of the complex number. For example, the ordered pair (2, —3) 
corresponds to the complex number z = 2 — 37. Conversely, z = 2 — 32 determines the 
ordered pair (2, —3). The numbers 7, i, and —5i are equivalent to (7,0), (0,1), (0,—5), 
respectively. In this manner we are able to associate a complex number 2 = x + iy witha 
point (x, y) in a coordinate plane. 


y-axis 
or Complex Plane Because of the correspondence between a complex 


a at number z = x + iy and one and only one point (x, y) in a coordinate plane, 

gonddies we shall use the terms complex number and point interchangeably. The coor- 
y }+-------------- ~@ (%Y) dinate plane illustrated in Figure 1.1 is called the complex plane or simply 
the z-plane. The horizontal or z-axis is called the real axis because each 
point on that axis represents a real number. The vertical or y-axis is called 
1 


: x-axis the imaginary axis because a point on that axis represents a pure imaginary 
. or 
real axis number. 


Figure 1.1 z-plane 


In other courses you have undoubtedly seen that the numbers 
in an ordered pair of real numbers can be interpreted as the components of 
a vector. Thus, a complex number z = x + iy can also be viewed as a two- 

z=x+iy dimensional position vector, that is, a vector whose initial point is the origin 
and whose terminal point is the point (z,y). See Figure 1.2. This vector 
interpretation prompts us to define the length of the vector z as the distance 
V2? + y? from the origin to the point (x,y). This length is given a special 
name. 


Definition 1.3. Modulus 


Figure 1.2 z as a position vector 


The modulus of a complex number z = x + iy, is the real number 


j2| = Va? t+ y?. 


The modulus |z| of a complex number z is also called the absolute value 
of z. We shall use both words modulus and absolute value throughout this 
text. 


| EXAMPLE 1 Modulus of a Complex Number 
If z = 2 — 3i, then from (1) we find the modulus of the number to be 


|z| = 22 + (3)? = v1. If z = —9i, then (1) gives |—-9:| = ,/(—9)? = 9. 
a 


Zy+ 2 
or 


2-2 
or 
(%2- Xp, Y2- V1) 


(X1 + Xyy Vy + Yo) 


cai 


(b) Vector difference 


Figure 1.3 Sum and difference 


of vectors 
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lSexejelmeals-y Recall from (4) of Section 1.1 that for any complex number 
z=a-+ ty the product zZ is a real number; specifically, zz is the sum of the 
squares of the real and imaginary parts of z: 22 = x? + y?. Inspection of (1) 
then shows that |z|” = 2? + y?. The relations 


?=22 and |z|=V2zz (2) 


deserve to be stored in memory. The modulus of a complex number z has the 
additional properties. 


2 
|2122| = |z1| |ze| and = lel (3) 


Note that when 2; = z2 = z, the first property in (3) shows that 
2 
|z?| = |z|". (4) 


The property |z1z2| = |z1| |z2| can be proved using (2) and is left as an 
exercise. See Problem 49 in Exercises 1.2. 


Deities The addition of complex numbers z; = 2; + iy, and 


22 = ©2 + ty2 given in Section 1.1, when stated in terms of ordered pairs: 


(a1, yr) + (2, yo) = (@1 + 22, yi + y2) 


is simply the component definition of vector addition. The vector interpre- 
tation of the sum z; + 22 is the vector shown in Figure 1.3(a) as the main 
diagonal of a parallelogram whose initial point is the origin and terminal point 
is (v7, +22, yr +y2). The difference zz — z, can be drawn either starting from 
the terminal point of z; and ending at the terminal point of zg, or as a position 
vector whose initial point is the origin and terminal point is (#2—21, y2— 1). 
See Figure 1.3(b). In the case z = z2— 21, it follows from (1) and Figure 1.3(b) 
that the distance between two points 2, = 7, + ty; and zg = x2 + iyo 
in the complex plane is the same as the distance between the origin and the 
point (2-21, ye — y1); that is, |z] = |zg — z1| = |(w2 — #1) + i(y2 — y1)| or 


|z2 — 21| = V/(22 — £1)? + (y2 — y1)?. (5) 


When z, = 0, we see again that the modulus |z2| represents the distance 
between the origin and the point z2. 


EXAMPLE 2 Set of Points in the Complex Plane 


Describe the set of points z in the complex plane that satisfy |z| = |z — i. 


Solution We can interpret the given equation as equality of distances: The 
distance from a point z to the origin equals the distance from z to the point 
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Figure 1.4 Horizontal line is the set of 


points satisfying |z| = |z — i]. 


Z1 +2, 


Figure 1.5 Triangle with vector sides 


This inequality can be derived using 
the properties of complex numbers 
in Section 1.1. See Problem 50 in 
Exercises 1.2. 
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i. Geometrically, it seems plausible from Figure 1.4 that the set of points z 
lie on a horizontal line. To establish this analytically, we use (1) and (5) to 
write |z| = |z — 4 as: 


Vi +P = JP +y—1P 


P+y? =a? + (y—1) 


a? gy? =o? + y? — Qy +1. 


1 


The last equation yields y = 5. Since the equality is true for arbitrary 2, 


y= 4 is an equation of the horizontal line shown in color in Figure 1.4. 
Complex numbers satisfying |z| = |z — i| can then be written as z = x + $i. 


In the Remarks at the end of the last section we pointed 
out that no order relation can be defined on the system of complex numbers. 
However, since |z| is a real number, we can compare the absolute values of 
two complex numbers. For example, if z} = 3+ 4% and zg = 5 —i, then 
|z1| = V25 =5 and |z2| = V26 and, consequently, |z1| < |z2|. In view of (1), 
a geometric interpretation of the last inequality is simple: The point (3, 4) is 
closer to the origin than the point (5, —1). 

Now consider the triangle given in Figure 1.5 with vertices at the origin, 
Zz, and z; + zg. We know from geometry that the length of the side of the 
triangle corresponding to the vector z; + z2 cannot be longer than the sum 
of the lengths of the remaining two sides. In symbols we can express this 
observation by the inequality 


|z1 + zg] < |z1| + |z9l. (6) 
The result in (6) is known as the triangle inequality. Now from the identity 
21 = 21 + 22 + (—22), (6) gives 
|z1| = lea + 22 + (—22)| < Jai + 22| + |—22]- 


Since |z2| = |—z2| (see Problem 47 in Exercises 1.2), solving the last result for 
|z1 + 22| yields another important inequality: 


|z1 + 2a| > |z1| — |zal- (7) 


But because z1 + z2 = 22 + 21, (7) can be written in the alternative form 
|z1 + 22| = |22 + 21| > |ze| — Jz] = — (\21| — |z2|) and so combined with the 
last result implies 


|z1 + 22| > | za] — [zal]. (8) 


It also follows from (6) by replacing zg by —z2 that |z1 + (—z2)| < Jai] + 
\(—z2)| = |z1] + |zg|. This result is the same as 


|z1 — 2a| < |z1| + lzal- (9) 
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From (8) with zp replaced by —z2, we also find 
|z1 — za] > | |za| — [zal |. (10) 


In conclusion, we note that the triangle inequality (6) extends to any finite 
sum of complex numbers: 


|21 + 22+ 23 +-+++ 2n| < [21] + |za] + les] +--+ + len. (11) 


The inequalities (6)—(10) will be important when we work with integrals of a 
function of a complex variable in Chapters 5 and 6. 


EXAMPLE 3 An Upper Bound 


if |z| = 2. 


—1 
Find bound for | ——————— 
ind an upper bound for |-7 a 


Solution By the second result in (3), the absolute value of a quotient is the 
quotient of the absolute values. Thus with |—1] = 1, we want to find a positive 
real number M such that 


i ae 
|jz4—5z4+1| — 


To accomplish this task we want the denominator as small as possible. By 
(10) we can write 


|z4 —5241] = |24 —(52-1)| > ||2*| — [52-1]. (12) 


But to make the difference in the last expression in (12) as small as possible, we 
want to make |5z — 1| as large as possible. From (9), |5z — 1| < |5z|+|-1| = 
5|z| + 1. Using |z| = 2, (12) becomes 


|z4-—5z4+1| > ||z*| — |5z—1| > 


jzl*- lal +0) 


jel* — 5 |2| - 1] = [16 - 10 - 1] =5. 


Hence for |z| = 2 we have 


1 1 


<-. 
|24—5z+1|~ 5 


We have seen that the triangle inequality |z1 + z2| < |z1| + |z2| indicates 
that the length of the vector z; + zz cannot exceed the sum of the lengths 
of the individual vectors z; and z 2. But the results given in (3) are 
interesting. The product 222 and quotient 21/22, (z2 # 0), are complex 
numbers and so are vectors in the complex plane. The equalities |zz2| = 
|z1| |Z2| and |z1/z5| = |z1|/|z2| indicate that the lengths of the vectors 
2122 and 2/22 are exactly equal to the product of the lengths and to the 
quotient of the lengths, respectively, of the individual vectors z; and Z9. 
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DGD CUS DS 1A Answers to selected odd-numbered problems begin on page ANS-2. 


In Problems 1—4, interpret z1 and z2 as vectors. Graph z1, z2, and the indicated 
sum and difference as vectors. 


1. 24 = 44 21, zo = —24 52; 214 20, 21 22 


- 2 =1-14, 22 =14+24; 214 22, 21 — 22 


2 
3. A= 5+ di, 22> 31; 321 } 522, Z1 229 
A, 273 =4—31, z2 = —24 3%; 221 + 420, 21 — 22 
5 


. Given that z; = 5 — 27 and zg = —1 — 1, find a vector z3 in the same direction 
as 21 + z2 but four times as long. 


6. (a) Plot the points 21 = —2 — 81, zo = 3%, z3 6 — 5i. 


(b) The points in part (a) determine a triangle with vertices at z1, z2, and z3, 
respectively. Express each side of the triangle as a difference of vectors. 


7. In Problem 6, determine whether the points z1, z2, and z3 are the vertices of a 
right triangle. 


8. The three points z1] = 1+ 52, z2 = —4—i, z3 = 3+7 are vertices of a triangle. 
Find the length of the median from z, to the side z3 — zo. 


In Problems 9-12, find the modulus of the given complex number. 


9. (1-7)? 10. i(2—i) —4(1+ i) 
u 2! 1g, LE, 2-3 
* 3-41 “ 14+i  1-i 


In Problems 13 and 14, let z = x+y. Express the given quantity in terms of x 
and y. 


13. |e— 2 = 33/7? 14. |z+52| 

In Problems 15 and 16, determine which of the given two complex numbers is closest 
to the origin. Which is closest to 1+ 7? 

15. 10+ 8i, 11 —6i 16.5 = 7 oe 


In Problems 17-26, describe the set of points z in the complex plane that satisfy 
the given equation. 


17. Re((1+i)z—1) =0 18. [Im(éz)|* = 2 

19. |z-i)=|z-1| 20. g=2°' 

21. Im(2*) =2 22. Re(z?) = |V/3—4| 
23. |z-1,/=1 24. |z—i|/=2 |z-1| 
25. |z—2| = Re(z) 26. |z| = Re(z) 


In Problems 27 and 28, establish the given inequality. 

27. If |z| = 2, then |z+6+4 8i| < 13. 

28. If|z|=1, then 1 <|z?-3| <4. 

29. Find an upper bound for the modulus of 32? + 2z +1 if |z| < 1. 
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30. Find an upper bound for the reciprocal of the modulus of z* —5z? +6 if lel: 
[Hint: z4 — 52? +6 = (z? — 3) (2? —2).] 


In Problems 31 and 32, find a number z that satisfies the given equation. 


31. |z|—z=2+% 32. |z|? +14 12i =6z 


[Focus on Concepts on Concepts 


33. (a) Draw the pair of points z = a+ ib and Z = a — ib in the complex plane if 


a>0,b>0; a>0, b<0; a<0, b>0; anda<0, b<0. 


(b) In general, how would you describe geometrically the relationship between 
a complex number z = a+ ib and its conjugate Z = a — ib? 


(c) Describe geometrically the relationship between z = a+ib and z1 = —a+ib. 


34. How would you describe geometrically the relationship between a nonzero com- 
plex number z = a+ ib and its 


(a) negative, —z? 


(b) inverse, z~!? [Hint: Reread Problem 33 and then recall 2~! = 2/|z|?.] 


35. Consider the complex numbers 21 = 4+%, z2 = —2+i, z3 = —2—2i, z4 = 3-51. 


(a) Use four different sketches to plot the four pairs of points z1, iz1; z2, iz2; 23, 123; 


and z4, 124. 


(b) In general, how would you describe geometrically the effect of multiplying 
a complex number z = x + iy by i? By —7? 


36. What is the only complex number with modulus 0? 
37. Under what circumstances does |z1 + 22| = |z1| + |z2|? 


38. Let z= x2+ iy. Using complex notation, find an equation of a circle of radius 
5 centered at (3, —6). 


39. Describe the set of points z in the complex plane that satisfy z = cos@+isin 0, 
where @ is measured in radians from the positive x-axis. 


40. Let z= a2+iy. Using complex notation, find an equation of an ellipse with foci 
(—2, 1), (2, 1) whose major axis is 8 units long. 


41. Suppose z = x+y. In (6) of Section 1.1 we saw that x and y could be ex- 
pressed in terms of z and Z. Use these results to express the following Cartesian 
equations in complex form. 


(a)zr=3 (b) y = 10 
(c) y=2 (d) x+2y=8 


42. Using complex notation, find a parametric equation of the line segment between 
any two distinct complex numbers z; and z2 in the complex plane. 


43. Suppose z1, z2, and z3 are three distinct points in the complex plane and k is 
a real number. Interpret z3 — z2 = k(z2 — 21) geometrically. 


44, Suppose z1 # z2. Interpret Re(z1Z2) = 0 geometrically in terms of vectors 21 
and zo. 


45. Suppose w = Z/z. Without doing any calculations, explain why |w| = 1. 
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46. Without doing any calculations, explain why the inequalities |Re(z)| < |z| and 
|Im(z)| < |z| hold for all complex numbers z. 


47. Show that 
(a) |z| = |-2| (b) |z| = |Z]. 
48. For any two complex numbers z; and zz, show that 


|z1 + 22|? + ler — 22]? = 2 (|za|? + |z0|?) . 


49. In this problem we will start you out in the proof of the first property |z1z2| = 
|z1| |zo| in (3). By the first result in (2) we can write |z122|? = (z122)(z122). 
Now use the first property in (2) of Section 1.1 to continue the proof. 

50. In this problem we guide you through an analytical proof of the triangle in- 
equality (6). 

Since |z1 + z2| and |z1| + |z2| are positive real numbers, we have 
|z1 + z2| < |z1| + |zo| if and only if |z1 + z2|? < (|z1| +|z2|)?. Thus, it suffices 
to show that |z1 + z2|” < (\z1| + |ze|)?. 
(a) Explain why |z1 + 22|” = |z1|? + 2Re(z1Z2) + |z2|?. 


(b) Explain why (|z1| + |z2|)? = |za|? + 2 |z1Z2| + |z2|”. 
(c) Use parts (a) and (b) along with the results in Problem 46 to derive (6). 


1.3. Polar Form of Complex Numbers 


Recall from calculus that a point P in the plane whose rectangular coordinates are 
(a, y) can also be described in terms of polar coordinates. The polar coordinate system, 
invented by Isaac Newton, consists of point O called the pole and the horizontal half-line 
emanating from the pole called the polar axis. If r is a directed distance from the pole to 
P and @ is an angle of inclination (in radians) measured from the polar axis to the line OP, 
then the point can be described by the ordered pair (r, @), called the polar coordinates of 
P. See Figure 1.6. 


Suppose, as shown in Figure 1.7, that a polar coordinate 
system is superimposed on the complex plane with the polar axis coinciding 
with the positive x-axis and the pole O at the origin. Then z, y, r and @ are 
related by x = r cos 6, y=r sin 6. These equations enable us to express a 
nonzero complex number z = x + iy as z = (r cos 0)+ i(r sin 0) or 


z=r(cos@+ isin @). (1) 


pole polar 
axis 


We say that (1) is the polar form or polar representation of the complex 
Figure 1.6 Polar coordinates number z. Again, from Figure 1.7 we see that the coordinate r can be inter- 
preted as the distance from the origin to the point (x, y). In other words, we 
shall adopt the convention that r is never negative! so that we can take r to 


In general, in the polar description (r, 8) of a point P in the Cartesian plane, we can 
have r>Oorr <0. 
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be the modulus of z, that is, r = |z|. The angle 0 of inclination of the vector 
z, which will always be measured in radians from the positive real axis, is 
, eyor te, ¥) positive when measured counterclockwise and negative when measured clock- 
wise. The angle @ is called an argument of z and is denoted by @ = arg(z). 
An argument 6 of a complex number must satisfy the equations cos 0 = x/r 


als and sin 0 = y/r. An argument of a complex number z is not unique since 

: cos 6 and sin 6 are 27-periodic; in other words, if #) is an argument of z, 

then necessarily the angles 69 + 27, 69 + 47,... are also arguments of z. In 

a= reese ae practice we use tan 0 = y/x to find 6. However, because tan 6 is 7-periodic, 


some care must be exercised in using the last equation. A calculator will give 

only angles satisfying —7/2 < tan~'(y/x) < 7/2, that is, angles in the first 

and fourth quadrants. We have to choose @ consistent with the quadrant in 

Be careful using tan~!(y/x) pee which z is located; this may require adding or subtracting 7 to tan~!(y/z) 
when appropriate. The following example illustrates how this is done. 


Figure 1.7 Polar coordinates in the 


complex plane 


| EXAMPLE 1 A Complex Number in Polar Form 
Express —/3 — i in polar form. 


Solution With x = —V3 and y = —1 we obtain r = |z| = y (-v3)" (Al 

= 3 = 2. Now y/x = —1/(—V3) = 1/V3, and so a calculator gives tan~! (1//3) 

VB 6/ a a = 7/6, which is an angle whose terminal side is in the first quadrant. But 
if ry i 


x since the point (—/3, —1) lies in the third quadrant, we take the solution of 
tan = —1/(—V3) = 1/V3 to be @ = arg(z) = 1/6 + 7 = 7/6. See Figure 
1.8. It follows from (1) that a polar form of the number is 


-1 


7 
2=2 (cos + isin). (2) 


e 
z=-V3-i 6 


Figure 1.8 arg (-v3 _ i) 


lsautstoherlasawacabneseeug The symbol arg(z) actually represents a set of 


values, but the argument @ of a complex number that lies in the interval 
—n <6 <7 is called the principal value of arg(z) or the principal argu- 
ment of z. The principal argument of z is unique and is represented by the 
symbol Arg(z), that. is, 


—n < Arg(z) <7. 


For example, if z = i, we see in Figure 1.9 that some values of arg(z) are 
m/2, 5/2, —3n/2, and so on, but Arg(?) = 7/2. Similarly, we see from 
Figure 1.10 that the argument of —/3 — i that lies in the interval (—7, 7), 
the principal argument of z, is Arg(z) = 7/6 — 7 = —57/6. Using Arg(z) we 
can express the complex number in (2) in the alternative polar form: 


safe) vm) 


18 


Figure 1.11 arg (z1z2) = 01 + @2 
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| 
a 
a 


Arg(z) =-52/6 


-1b 


z=-V3-i 
Figure 1.9 Some arguments of 4 Figure 1.10 Principal argument 
z=-v3-1 


In general, arg(z) and Arg(z) are related by 
arg(z) = Arg(z) + 2nm7, n=0, £1, +2,.... (3) 


For example, arg(?) = 7 4 2nm. For the choices n = 0 and n = —1, (3) gives 


arg(7) = Arg(i) = 7/2 and arg(i) = —37/2, respectively. 


MW RbvitelbtercinteyemetaeMByaetjleyem The polar form of a complex number 


is especially convenient when multiplying or dividing two complex numbers. 
Suppose 


2, =71(cos6, +isin@,) and zg = re(cos 6 + isin 62), 


where 6, and @2 are any arguments of z; and zg, respectively. Then 


2122 = 1112 [cos 0; cos 82 — sin 8; sin 62 + i (sin 6; cos 02 + cos, sin @2)] (4) 


and, for z2 #0, 
OE eee [cos 0; cos 02 + sin 6; sin 62 + i (sin 6; cos 62 — cos; sin 62)]. (5) 
22 2 

From the addition formulas* for the cosine and sine, (4) and (5) can be rewrit- 

ten as 


2122 =111T2 [cos (1 + 62) + 7sin (1 + 62)] (6) 
and = = “ [eos (8) — 62) + isin (8; — 45)] (7) 
22 r2 


Inspection of the expressions in (6) and (7) and Figure 1.11 shows that the 
lengths of the two vectors z,22 and 21/22 are the product of the lengths of 2, 
and zg and the quotient of the lengths of z, and 22, respectively. See (3) of 
Section 1.2. Moreover, the arguments of 2122 and 21/z2 are given by 

z 


:) = arg(z1) — arg(z2). (8) 


arg(z122) = arg(z1) + arg(z2) and arg (: 
2 


tcos(A + B) = cos Acos B $ sin Asin B and sin(A+ B) = sin Acos B + cos Asin B 
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| EXAMPLE 2. Argument of a Product and of a Quotient 


We have just seen that for z, = 7 and z. = —/3 —i that Arg(z,) = 7/2 and 
Arg(z2) = —57/6, respectively. Thus arguments for the product and quotient 


= 1 


ee 
2122 = i( i) i an a ae og 


can be obtained from (8): 


T On T Pal T Om An 
arg(z1z2) = 5 4 ae eae and arg a a= 3. 


inexoms me Kou-me)meam We can find integer powers of a complex number 
z from the results in (6) and (7). For example, if z = r(cos@ + isin @), then 
with z1 = zg = 2, (6) gives 
2? =r? [cos(0+ 0) + isin (6+ 0)] =r? (cos 20 + isin 26) . 
Since z° = z?z, it then follows that 


2? =r? (cos30 + isin 36) , 


and so on. In addition, if we take arg(1) = 0, then (7) gives 
+ =2z7* =r *[cos(—20) + isin(—26)]. 


Continuing in this manner, we obtain a formula for the nth power of z for any 
integer n: 


z” =r” (cosné + isin nd). (9) 


When n = 0, we get the familiar result 2° = 1. 


EXAMPLE 3 Power of a Complex Number 


Compute z° for z = —V3 —i. 
Solution In (2) of Example | we saw that a polar form of the given number 


is z = 2[cos (77/6) + isin (77/6)]. Using (9) with r = 2, 0 = 77/6, and n = 3 
we get 


3 71 7 71 70 
_— =4 — 3 — Si —. => 1 49] — ) 
( V3 i) 2 Joos (372) isin (37) 8 loos 5 + 7sin 5 87 
since cos(77/2) = 0 and sin(77/2) = —1. 
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Note in Example 3, if we also want the value of z~°, then we could proceed 
in two ways: either find the reciprocal of z? = —8i or use (9) with n = —3. 


oComAY Keane Me deywesteieem™ = When z =cosé + isin#, we have |z| = r = 1, 
and so (9) yields 


(cos @ + isin @)” = cosné + isin nd. (10) 
This last result is known as de Moivre’s formula and is useful in deriving 


certain trigonometric identities involving cosn@ and sinn@. See Problems 33 
and 34 in Exercises 1.3. 


EXAMPLE 4 de Moivre’s Formula 
From (10), with 0 = 7/6, cos@ = 3/2 and sin 0 = 1/2: 


(2 + ) = cos 39 + isin 30 = cos (3- =) +7sin (3-=) 


A tg . 7 : 
=cos—+isin= =2. 
2 2 


Se 


Comparison with Real Analysis 


(i) Observe in Example 2 that even though we used the principal argu- 
ments of z and zg that arg(z1/z2) = 40/3 4 Arg(z1/z2). Although 
(8) is true for any arguments of z and 22, it is not true, in gen- 
eral, that Arg(z122) =Arg(z,)+Arg(z2) and Arg(z1/z2) = Arg(z1)— 
Arg(z2). See Problems 37 and 38 in Exercises 1.3. 


(ii) An argument can be assigned to any nonzero complex number 2. 
However, for z = 0, arg(z) cannot be defined in any way that is 
meaningful. 


= 


If we take arg(z) from the interval (—7, 7), the relationship between 
a complex number z and its argument is single-valued; that is, every 
nonzero complex number has precisely one angle in (—7, 7). But 
there is nothing special about the interval (—7, 7); we also establish 
a single-valued relationship by using the interval (0, 27) to define 
the principal value of the argument of z. For the interval (—7z, 7), 
the negative real axis is analogous to a barrier that we agree not to 
cross; the technical name for this barrier is a branch cut. If we use 
(0, 27), the branch cut is the positive real axis. The concept of a 
branch cut is important and will be examined in greater detail when 
we study functions in Chapters 2 and 4. 


(iii 
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(iv) The “cosine 7 sine” part of the polar form of a complex number is 
sometimes abbreviated cis. That is, 


z=r(cos@+isin#@) = rcis 0. 


This notation, used mainly in engineering, will not be used in this 
text. 


DRG DOSS Sy Answers to selected odd-numbered problems begin on page ANS-2. 


In Problems 1-10, write the given complex number in polar form first using an 
argument 6 # Arg(z) and then using 0 = Arg(z). 


1. 2 2..=10 

3. —3i A. 6i 

5B. 1+ 6. 5—5i 

7. —V3+i 8. —2—2/3% 

os ig; == 
—-1+i V3+i 


In Problems 11 and 12, use a calculator to write the given complex number in polar 
form first using an argument 0 # Arg(z) and then using 6 = Arg(z). 


11. —-/2+ JS7i 12. —12—5i 


In Problems 13 and 14, write the complex number whose polar coordinates (r, @) 
are given in the form a+ ib. Use a calculator if necessary. 


13. (4, —57/3) 14. (2, 2) 


In Problems 15-18, write the complex number whose polar form is given in the form 
a+dib. Use a calculator if necessary. 


11 11 
15. z=5 Pa 16. 2=8/2 cos —— + isin — 
6 6 4 4 

V7. 2 = 6 (cos +isin 7) 18. 2 = 10 (cos = + isin =) 


In Problems 19 and 20, use (6) and (7) to find 2122 and z,/z2. Write the number 
in the form a + ib. 


19. a =2 (cos T+ isin 2), za = 4 (cos + isin 2) 


Mes oa Tt cite, TT 
20. 2= V2 (cos A +7sin 7); 22 V3 (cos — + isin) 
In Problems 21-24, write each complex number in polar form. Then use either (6) 
or (7) to obtain the polar form of the given number. Finally, write the polar form 
in the form a + ib. 


21. (3 — 31)(5 +532) 22. (4+ 42)(—1+1) 
23, ae 


24. 
1+i -14+ V3i 


22 
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In Problems 25-30, use (9) to compute the indicated powers. 


25. (1+ V3i)° 26. (2—2i)° 

A ae 28. (-V2 + véi)4 
12 = 2 2 

29. [ (v2.08 © + iv2sin =) 30. v3 (cos + isin =) 


In Problems 31 and 32, write the given complex number in polar form and in then 
in the form a + ib. 


12 5 
31. (cos : + isin a) [2 (cos . + isin *)| 


3n—iwsi«<(<‘tiST 3 
8 CO eel 
32. 


; = _. 0 10 
(cos % +isin 7) 


33. Use de Moivre’s formula (10) with nm = 2 to find trigonometric identities for 
cos 20 and sin 20. 


34. Use de Moivre’s formula (10) with nm = 3 to find trigonometric identities for 
cos 38 and sin 30. 


In Problems 35 and 36, find a positive integer n for which the equality holds. 


eo? aon v2, V2)" _ 
37. For the complex numbers z; = —1 and z2 = 5%, verify that: 


(a) Arg(z122) # Arg(21) + Arg(z2) 
(b) Arg(z1/z2) # Arg(z1) — Arg(zz). 

38. For the complex numbers given in Problem 37, verify that: 
(a) arg(z1z2) = arg(z1) + arg(z2) 
(b) arg(z1/z2) = arg(z1) — arg(zz). 


[Focus on Concepts| on Concepts 


39. Suppose that z = r(cos@ +isin@). Describe geometrically the effect of multi- 
plying z by a complex number of the form z; = cosa@+isina, when a > 0 and 
when a < 0. 

40. Suppose z = cos@ + isin. If n is an integer, evaluate z” + Z” and z” — Zz”. 

41. Write an equation that relates arg(z) to arg(1/z), z #0. 


42. Are there any special cases in which Arg(z1z2) = Arg(z1) + Arg(z2)? Prove 
your assertions. 


43. How are the complex numbers z1 and 22 related if arg(z1) = arg(z2)? 
44. Describe the set of points z in the complex plane that satisfy arg(z) = 7/4. 


45. Student A states that, even though she can’t find it in the text, she thinks that 
arg(Z) = —arg(z). For example, she says, if z = 1+7, then Z = 1 —7 and 
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arg(z) = 7/4 and arg(Z) = —7/4. Student B disagrees because he feels that 


he has a counterexample: If z = i, then Z = —7i; we can take arg(i) = 1/2 
and arg(—i) = 37/2 and so arg(t) # —arg(—i). Take sides and defend your 
position. 


46. Suppose z1, 22, and 21:22 are complex numbers in the first quadrant and that 
the points z = 0, z= 1, 21, ze, and z122 are labeled O, A, B, C, and D, 
respectively. Study the formula in (6) and then discuss how the triangles OAB 
and OCD are related. 


47. Suppose z1 = 171 (cos@, +isin@1) and z2 = r2(cosd2 +isin@2). If 21 = 22, 
then how are 7; and rz related? How are @; and 62 related? 


48. Suppose z; is in the first quadrant. For each z2, discuss the quadrant in which 
2122 could be located. 


(a) = 5+ Wi (b) 22 = — 


(c) z2=-i (d) z2=-1 


V3 
ri 


1 
2 
49. (a) For z #1, verify the identity 


— ntl 
lteter pete% = * 


(b) Use part (a) and appropriate results from this section to establish that 


1 sin(n+5)@ 
1 +0088 + 00820 +--+ + cosng = 24 Smt 2) 


1 
sin 50 


for 0 < @ < 2m. The foregoing result is known as Lagrange’s identity 
and is useful in the theory of Fourier series. 


50. Suppose z1, 22, 23, and za are four distinct complex numbers. Interpret geo- 
metrically: 


1.4 Powers and Roots 


Recall from algebra that —2 and 2 are said to be square roots of the number 4 because 
(—2)? = 4 and (2)? = 4. In other words, the two square roots of 4 are distinct solutions of 
the equation w? = 4. In like manner we say w = 3 is a cube root of 27 since w? = 3° = 27. 
This last equation points us again in the direction of complex variables since any real number 
has only one real cube root and two complex roots. In general, we say that a number w is 
an nth root of a nonzero complex number z if w” = z, where n is a positive integer. For 
example, you are urged to verify that w,; = $V2 + $/2i and w2 = —4,/2 — $vV2i are the 
two square roots of the complex number z = i because w? = i and w3 = i. See Problem 39 
in Exercises 1.1. 
We will now demonstrate that there are exactly n solutions of the equation w” = z. 


24 
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Suppose z = r(cos@ +isin@) and w = p(cos ¢ + isin @) are polar 
forms of the complex numbers z and w. Then, in view of (9) of Section 1.3, 
the equation w” = z becomes 


p"(cosngd + isinnd) = r(cos @ + isin 8). (1) 

From (1), we can conclude that 
p’=r (2) 
atid cosng + isinnd = cosé + isin é. (3) 


See Problem 47 in Exercises 1.3. 

From (2), we define p = %/r to be the unique positive nth root of the 
positive real number r. From (3), the definition of equality of two complex 
numbers implies that 


cosn@=cos@ and sinng=siné. 


These equalities, in turn, indicate that the arguments @ and @¢ are related by 
no = 6+ 2k, where k is an integer. Thus, 


0+ 2ka 
$= 
n 
As k takes on the successive integer values k = 0, 1, 2, ..., m—1 we obtain 


n distinct nth roots of z; these roots have the same modulus <r but different 
arguments. Notice that for k > n we obtain the same roots because the sine 
and cosine are 27-periodic. To see why this is so, suppose k = n + m, where 
m=0, 1, 2, .... Then 

O642(n+m)r O042mr 
7 n 7 n 


2 d+2 
and sin @ = sin (=) ; cos @ = COs (en) . 
n n 


We summarize this result. The n nth roots of a nonzero complex number 
z =r(cos@+isin@) are given by 


6+ 2k 2k 
Wh= Vr cos (4) + isin (A). (4) 


where k= 0, 1, 2, ..., n-1. 


@ + 20 


EXAMPLE 1 Cube Roots of a Complex Number 
Find the three cube roots of z = 7. 


Solution Keep in mind that we are basically solving the equation w® = i. 
Now with r = 1, 0 = arg(i) = 7/2, a polar form of the given number is given 


by z = cos(m/2) +¢sin(7/2). From (4), with n = 3, we then obtain 


WwW, = V1 cos (“Ae + 74sin (“ee 5 k= OLD 


V4 =2 and W/27 = 3 are the prin- 
cipal square root of 4 and the prin- 
cipal cube root of 27, respectively. 


Figure 1.12 Three cube roots of ¢ 


ES 
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Hence the three roots are, 


b=0 _ icp B85 Ly 
=0, wo=co F +isin = 5 +5? 
k= 1 eee 7sin = v3 1, 
ie ee 6 2 2 
3r —« «. Br : 
k=2, w2=cos 5 + tsin > = 4 


lmeuitehelMeadem@laxereld On page 17 we pointed out that the symbol 


arg(z) really stands for a set of arguments for a complex number z. Stated 
another way, for a given complex number z # 0, arg(z) is infinite-valued. In 
like manner, z!/” is n-valued; that is, the symbol z!/” represents the set of 
n nth roots wz of z. The unique root of a complex number z (obtained by 
using the principal value of arg(z) with k = 0) is naturally referred to as the 
principal nth root of w. In Example 1, since Arg(i) = 7/2, we see that 
wo = 3V3-+ 47 is the principal cube root of i. The choice of Arg(z) and k = 0 
guarantees us that when z is a positive real number r, the principal nth root 
is vr. 

Since the roots given by (4) have the same modulus, the n nth roots of a 
nonzero complex number z lie on a circle of radius ~/r centered at the origin 
in the complex plane. Moreover, since the difference between the arguments 
of any two successive roots wz and wr41 is 27/n, the n nth roots of z are 
equally spaced on this circle, beginning with the root whose argument is 6/n. 
Figure 1.12 shows the three cube roots of 7 obtained in Example 1 spaced at 
equal angular intervals of 27/3 on the circumference of a unit circle beginning 
with the root wo whose argument is 7/6. 

As the next example shows, the roots of a complex number do not have 
to be “nice” numbers as in Example 1. 


EXAMPLE 2 Fourth Roots of a Complex Number 
Find the four fourth roots of z= 1+. 


Solution In this case, r = V2 and 0 = arg(z) = 7/4. From (4) with n = 4, 
we obtain 


4+ 2k 4+ 2k 
un = 9 [eos (ZA *) pisin (7 =). k=0, 1, 2, 3. 


With the aid of a calculator we find 


=O, we=20 [cos a ern al ~ 1.1664 + 0.2320i 


~ —0.2320 + 1.16647 


257 257 
s 


cos isin =| =~ —1.1664 — 0.2320i 
| ~ 0.2320 — 1.1664i. 
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y As shown in Figure 1.13, the four roots lie on a circle centered at the origin of 
radius r = 2 = 1.19 and are spaced at equal angular intervals of 27/4 = 1/2 
radians, beginning with the root whose argument is 7/16. 


» . 
x 
Wy 
W; 


W, 


Comparison with Real Analysis 


(i) As a consequence of (4), we can say that the complex number system 
is closed under the operation of extracting roots. This means that 
for any z in C, z!/” is also in C. The real number system does not 
possess a similar closure property since, if x is in R, x2!/” is not 
necessarily in R. 


Figure 1.13 Four fourth roots of 1 +7 


(47) Geometrically, the n nth roots of a complex number z can also be 
interpreted as the vertices of a regular polygon with n sides that is 
inscribed within a circle of radius ~/r centered at the origin. You 
can see the plausibility of this fact by reinspecting Figures 1.12 and 
1.13. See Problem 19 in Exercises 1.4. 


(iii) When m and n are positive integers with no common factors, then 
(4) enables us to define a rational power of z, that is, 2”/". It 
can be shown that the set of values (z!/")™ is the same as the set of 
values (z)!/", This set of n common values is defined to be 2””/”. 
See Problems 25 and 26 in Exercises 1.4. 
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In Problems 1-14, use (4) to compute all roots. Give the principal nth root in each 


case. Sketch the roots wo, Wi, .-. , Wn—1 On an appropriate circle centered at the 
origin. 
i, (8) 2. (-1)4 
3. (—9)”? 4, (—125)/8 
5. (=)? i a) 
7. (-1+2)"3 8. (142) 
9. (-1+ V3i)1/? 10. (—1— V3i)1/4 
11. (8+4:)' 12. (5+ 127)'/? 
. \ 1/8 - \ 1/6 
13. a) 14, =) 


15. (a) Verify that (44+ 3i)? = 7 +4247. 
(b) Use part (a) to find the two values of (7 + 24i)!/?. 
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16. Rework Problem 15 using (4). 
17. Find all solutions of the equation z* + 1 = 0. 
18. Use the fact that 8i = (2+ 2i)? to find all solutions of the equation 
2” — 8z+16 = Bi. 
The n distinct nth roots of unity are the solutions of the equation w” = 1. 


Problems 19-22 deal with roots of unity. 
19. (a) Show that the n nth roots of unity are given by 


2k 2k 
(1)!/" = cos —" + isin 7? k=0,1,2,...,n—1. 


(b) Find n nth roots of unity for n = 3,n = 4, andn = 5. 


(c) Carefully plot the roots of unity found in part (b). Sketch the regular 
polygons formed with the roots as vertices. [Hint: See (ii) in the Remarks.] 


20. Suppose w is a cube root of unity corresponding to k = 1. See Problem 19(a). 
(a) How are w and w” related? 
(b) Verify by direct computation that 
lt+wt+w’=0. 


(c) Explain how the result in part (b) follows from the basic definition that w 
is a cube root of 1, that is, w? = 1. [Hint: Factor.] 


21. For a fixed n, if we take k = 1 in Problem 19(a), we obtain the root 


Qr., 
Wn = COS + 24sIn 
n 
Explain why the n nth roots of unity can then be written 


1 2 3 n—1 
»>Wn, Wn; Wns+++ >Wn 


22. Consider the equation (z+ 2)" + 2” = 0, where n is a positive integer. By any 
means, solve the equation for z when n = 1. When n = 2. 
23. Consider the equation in Problem 22. 


(a) In the complex plane, determine the location of all solutions z when n = 6. 
Hint: Write the equation in the form [(z+2)/(—z)]® = 1 and use part 
[ q Pp 
(a) of Problem 19.] 


(b) Reexamine the solutions of the equation in Problem 22 for n = 1 and n = 2. 
Form a conjecture as to the location of all solutions of (z +2)" + 2” =0. 


24. For the n nth roots of unity given in Problem 21, show that 
14+ wy + w? + we +---+ 02? =0. 


[Hint: Multiply the sum 1+ wy, + w2 + w2 +---+ uw?! by wn — 1] 


Before working Problems 25 and 26, read (iii) in the Remarks. If m and n are 
positive integers with no common factors, then the n values of the rational power 


zm!” are 


we= Vrm cos (0 + 2k) 4 isin (0 + 2k7)] , (5) 


k=0, 1, 2, ..., n—1. The wx are the n distinct solutions of w” = 2”. 
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Figure 1.14 Figure for Problem 27 
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25. (a) First compute the set of values i!/? using (4). Then compute (i!/7)? using 


(9) of Section 1.3. 


(b) Now compute i*. Then compute (i*)'/? using (4). Compare these values 


with the results of part (b). 


(c) Lastly, compute i?/? using formula (5). 


26. Use (5) to find all solutions of the equation w? = (—1+4)°. 
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27. The vector given in Figure 1.14 represents one value of ae Using only the 
figure and trigonometry—that is, do not use formula (4)—find the remaining 
values of z!/”" when n = 3. Repeat for n = 4, and n = 5. 


28. Suppose n denotes a nonnegative integer. Determine the values of n such 
that z” = 1 possesses only real solutions. Defend your answer with sound 
mathematics. 


29. (a) Proceed as in Example 2 to find the approximate values of the two square 
roots wo and wy, of 1 +72. 


(b) Show that the exact values of the roots in part (a) are 


_,fltv2 . /V2=1 __ fltv2_.[V2-1 
Wo 2 rt 5) 5 W1 2 1 2 2 


30. Discuss: What geometric significance does the result in Problem 24 have? 


31. Discuss: A real number can have a complex nth root. Can a nonreal complex 
number have a real nth root? 


32. Suppose w is located in the first quadrant and is a cube root of a complex 
number z. Can there exist a second cube root of z located in the first quadrant? 
Defend your answer with sound mathematics. 


33. Suppose z is a complex number that possesses a fourth root w that is neither 
real nor pure imaginary. Explain why the remaining fourth roots are neither 
real nor pure imaginary. 


34. Suppose z = r(cos@ + isin@) is complex number such that 1 < r < 2 and 
0 < 6 < 7/4. Suppose further that wo is a cube root of z corresponding to 
k =0. Carefully sketch wo, w%, and wé in the complex plane. 


[Computer Lab Assignments Lab Assignments 


In Problems 35-40, use a CAS? to first find z” = w for the given complex number 
and the indicated value of n. Then, using the output and the same value of n, 


determine whether w!/” = (z")!/" = z. If not, explain why not. 
35. 2.5—17; n= 10 36. —0.5+ 0.31; n=5 
37. 1431; n=8 38. 2421; n=12 
39. i; n=21 40. -1+ V3i; n=11 


8 Throughout this text we shall use the abbreviation CAS for “computer algebra system.” 


Iz-zjl=p 


Figure 1.15 Circle of radius p 


Sane? 


Figure 1.16 Open set 


1.5 Sets of Points in the Complex Plane 29 


1.5 Sets of Points in the Complex Plane 


In the preceding sections we examined some rudiments of the algebra and geometry of 
complex numbers. But we have barely scratched the surface of the subject known as complex 
analysis; the main thrust of our study lies ahead. Our goal in the chapters that follow is to 
examine functions of a single complex variable z = x+7y and the calculus of these functions. 

Before introducing the notion of a function in Chapter 2, we need to state some essential 
definitions and terminology about sets in the complex plane. 


Suppose zo = xo + iyo. Since |z — zo| = \/(x — 20)? + (y — yo)” 
is the distance between the points z = «+ ty and z = rg + iyo, the points 
z=a+1y that satisfy the equation 


|z — 20| = p, p> 0, (1) 


lie on a circle of radius p centered at the point zo. See Figure 1.15. 


| EXAMPLE 1. Two Circles 


(a) |z| = 1 is an equation of a unit circle centered at the origin. 
(b) By rewriting |z — 1 + 32| = 5 as |z — (1 — 37)| = 5, we see from (1) that 


the equation describes a circle of radius 5 centered at the point zo = 1—37. 
DDI) w-vakemCordelereymeteleterm § The points z that satisfy the inequality 


|z — zo| < p can be either on the circle |z — zo| = p or within the circle. We 
say that the set of points defined by |z — 29| < p is a disk of radius p centered 
at zo. But the points z that satisfy the strict inequality |2z — zo| < p lie within, 
and not on, a circle of radius p centered at the point zo. This set is called 
a neighborhood of zp. Occasionally, we will need to use a neighborhood of 
zo that also excludes zp. Such a neighborhood is defined by the simultaneous 
inequality 0 < |z — z9| < p and is called a deleted neighborhood of zg. For 
example, |z| < 1 defines a neighborhood of the origin, whereas 0 < |z| < 1 
defines a deleted neighborhood of the origin; |z —3-+ 42| < 0.01 defines a 
neighborhood of 3 — 4i, whereas the inequality 0 < |z — 3+ 4i| < 0.01 defines 
a deleted neighborhood of 3 — 42. 


O}enmetctm A point 2 is said to be an interior point of a set S of 


the complex plane if there exists some neighborhood of zp that lies entirely 
within S. If every point z of a set S is an interior point, then S is said to be 
an open set. See Figure 1.16. For example, the inequality Re(z) > 1 defines 
a right half-plane, which is an open set. All complex numbers z = x + iy 
for which x > 1 are in this set. If we choose, for example, z = 1.1 + 21, 
then a neighborhood of z lying entirely in the set is defined by 
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|z-(1.1 +21) 1< 0.05 


y y 
| 
is 
cabs, in S 

{ aba 
St 
{ notin S mo 
I 
| z=114+2i 
| 
i x 

x=1 x=1 

Figure 1.17 Open set with magnified view of Figure 1.18 Set S not open 


point near « = 1 


|z — (1.1 + 27)| < 0.05. See Figure 1.17. On the other hand, the set S of 
points in the complex plane defined by Re(z) > 1 is not open because every 
neighborhood of a point lying on the line « = 1 must contain points in S and 
points not in S. See Figure 1.18. 


EXAMPLE 2 Some Open Sets 


Figure 1.19 illustrates some additional open sets. 


y I rl 
I | 
1 1 
1 1 
I | 
1 1 
-------------} ------------ x H 1 
! 1 
t + x 
I | 
1 1 
1 1 
I | 
1 1 
1 1 
I | 
1 1 
1 1 
| | 
(a) Im(z) < 0; lower half-plane (b) -1 < Re(z) < 1; infinite vertical strip 
y y 
& a sl 
- t~ \ 
eae / ys 
ti q i / ‘\ \ 
| x 4 + t x 
\ 7 = yy 
| al \ | d 
\, 7 
ss i“ 
(c) |z1 > 1; exterior of unit circle (d) 1 < Iz! <2; interior of circular ring 


Figure 1.19 Four examples of open sets 


Exterior 


“Boundary 


x 


Figure 1.20 Interior, boundary, and 


exterior of set S 


Figure 1.21 Connected set 


Note: “Closed” does not mean “not 
open.” 
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If every neighborhood of a point zo of a set S contains at least one point 
of S and at least one point not in S, then Zo is said to be a boundary point 
of S. For the set of points defined by Re(z) > 1, the points on the vertical 
line = 1 are boundary points. The points that lie on the circle |z — i| = 2 
are boundary points for the disk |z — i] < 2 as well as for the neighborhood 
|z—i| < 2 of z =i. The collection of boundary points of a set S' is called 
the boundary of S. The circle |z — i] = 2 is the boundary for both the disk 
|z —i| < 2 and the neighborhood |z — i| < 2 of z =%. A point z that is neither 
an interior point nor a boundary point of a set S is said to be an exterior 
point of S; in other words, zp is an exterior point of a set S if there exists 
some neighborhood of zo that contains no points of S. Figure 1.20 shows a 
typical set S with interior, boundary, and exterior. 

An open set S can be as simple as the complex plane with a single point 
zo deleted. The boundary of this “punctured plane” is zo, and the only 
candidate for an exterior point is zo. However, S has no exterior points since 
no neighborhood of zp can be free of points of the plane. 


The set S; of points satisfying the inequality p; < |z— zo| lie 
exterior to the circle of radius p; centered at zo, whereas the set S2 of points 
satisfying |z — zo| < 2 lie interior to the circle of radius p2 centered at zo. 
Thus, if 0 < p, < po, the set of points satisfying the simultaneous inequality 


pi < |z— 20] < pa, (2) 


is the intersection of the sets S; and S3. This intersection is an open circular 
ring centered at zo. Figure 1.19(d) illustrates such a ring centered at the 
origin. The set defined by (2) is called an open circular annulus. By 
allowing p; = 0, we obtain a deleted neighborhood of zo. 


If any pair of points z; and z2 in a set S can be connected by 
a polygonal line that consists of a finite number of line segments joined end 
to end that lies entirely in the set, then the set S is said to be connected. 
See Figure 1.21. An open connected set is called a domain. Each of the 
open sets in Figure 1.19 is connected and so are domains. The set of numbers 
z satisfying Re(z) 4 4 is an open set but is not connected since it is not 
possible to join points on either side of the vertical line « = 4 by a polygonal 
line without leaving the set (bear in mind that the points on the line x = 4 
are not in the set). A neighborhood of a point zo is a connected set. 


A region is a set of points in the complex plane with all, some, 
or none of its boundary points. Since an open set does not contain any 
boundary points, it is automatically a region. A region that contains all its 
boundary points is said to be closed. The disk defined by |z — zo| < p is an 
example of a closed region and is referred to as a closed disk. A neighborhood 
of a point zg defined by |z — zo| < p is an open set or an open region and is 
said to be an open disk. If the center zp is deleted from either a closed disk 
or an open disk, the regions defined by 0 < |z — zo| < p or 0 < |z— 20| < p 
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Figure 1.22 Annular region 
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are called punctured disks. A punctured open disk is the same as a deleted 
neighborhood of z. A region can be neither open nor closed; the annular 
region defined by the inequality 1 < |z—5| < 3 contains only some of its 
boundary points (the points lying on the circle |z—5| = 1), and so it is 
neither open nor closed. In (2) we defined a circular annular region; in a 
more general interpretation, an annulus or annular region may have the 
appearance shown in Figure 1.22. 


isfeyrnitelcemetamcy Finally, we say that a set S in the complex plane is 


bounded if there exists a real number R > 0 such that |z| < R every z 
in S. That is, S is bounded if it can be completely enclosed within some 
neighborhood of the origin. In Figure 1.23, the set S shown in color is bounded 
because it is contained entirely within the dashed circular neighborhood of 
the origin. A set is unbounded if it is not bounded. For example, the set in 
Figure 1.19(d) is bounded, whereas the sets in Figures 1.19(a), 1.19(b), and 
1.19(c) are unbounded. 


Figure 1.23 The set S is bounded Remarks Comparison with Real Analysis 


since some neighborhood of the ori- 


gin encloses S entirely. 


In your study of mathematics you undoubtedly found that you had to deal 
with the concept of infinity. For example, in a course in calculus you dealt 
with limits at infinity, where the behavior of functions was examined as x 
either increased or decreased without bound. Since we have exactly two 
directions on a number line, it is convenient to represent the notions of 
“increasing without bound” and “decreasing without bound” symbolically 
by z — +00 and z — — oo, respectively. It turns out that we can get 
along just fine without the designation +oo by dealing with an “ideal 
point” called the point at infinity, which is denoted simply by oo. To 
do this we identify any real number a with a point (20, yo) on a unit 
circle x? + y? = 1 by drawing a straight line from the point (a, 0) on 
the a-axis or horizontal number line to the point (0, 1) on the circle. 
The point (29, yo) is the point of intersection of the line with the circle. 
See Problem 47 in Exercises 1.5. It should be clear from Figure 1.24(a) 
that the farther the point (a, 0) is from the origin, the nearer (29, yo) 
is to (0, 1). The only point on the circle that does not correspond to 
a real number a is (0, 1). To complete the correspondence with all the 
points on the circle, we identify (0, 1) with oo. The set consisting of the 
real numbers R adjoined with oo is called the extended real-number 
system. 

In our current study the analogue of the number line is the complex 
plane. Recall that since C is not ordered, the notions of z either 
“increasing” or “decreasing” have no meaning. However, we know that 
by increasing the modulus |z| of a complex number z, the number moves 
farther from the origin. If we allow |z| to become unbounded, say, along 
the real and imaginary axes, we do not have to distinguish between 
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“directions” on these axes by notations such as z — +00, z — —o0, z > 
+ioo, and z — —ioo. In complex analysis, only the notion of co is used 
because we can extend the complex number system C in a manner analo- 
gous to that just described for the real number system R. This time, how- 
ever, we associate a complex number with a point on a unit sphere called 
the Riemann sphere. By drawing a line from the number z = a + ib, 
written as (a, b, 0), in the complex plane to the north pole (0, 0, 1) of 
the sphere x? + y? + u? = 1, we determine a unique point (x9, yo, Uo) 
on a unit sphere. As can be visualized from Figure 1.24(b), a complex 
number with a very large modulus is far from the origin (0, 0, 0) and, 
correspondingly, the point (a0, yo, Uo) is close to (0, 0, 1). In this manner 
each complex number is identified with a single point on the sphere. See 
Problems 48-50 in Exercises 1.5. Because the point (0, 0, 1) corresponds 
to no number z in the plane, we correspond it with oo. Of course, the 
system consisting of C adjoined with the “ideal point” oo is called the 
extended complex-number system. 

This way of corresponding or mapping the complex numbers onto a 
sphere—north pole (0, 0, 1) excluded—is called a stereographic pro- 
jection. 

For a finite number z, we have z + 00 = oo + z = oo, and for z £ 0, 
Z-00 = 00:z= 00. Moreover, for z 4 0 we write z/0 = oo and for z 4 co, 
z/oo = 0. Expressions such as 00 — 00, 00/00, 00°, and 1° cannot be 
given a meaningful definition and are called indeterminate. 


(0, 1) 


(a) Unit circle (b) Unit sphere 


Figure 1.24 The method of correspondence in (b) is a stereographic projection. 


DDG DOSS I Answers to selected odd-numbered problems begin on page ANS-4. 


In Problems 1-12, sketch the graph of the given equation in the complex plane. 
1. |z—44 32] =5 2. |z+2+4+2i|=2 

3. |z +31] =2 A, |2z-1|=4 

5. Re(z) =5 6. Im(z) = —2 
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7. Im(Z+3i) =6 8. Im(z—i) = Re(z +4 — 3) 
9. |Re(1+iz)| =3 10. 2 +4+27?=2 
11. Re(z?) =1 12. arg(z) = 7/4 


In Problems 13-24, sketch the set S of points in the complex plane satisfying the 
given inequality. Determine whether the set is (a) open, (b) closed, (c) a domain, 
(d) bounded, or (e) connected. 


13. Re(z) < -1 14. |Re(z)| >2 

15. Im(z) >3 16. Re((2+7%)z+1)>0 
17. 2<Re(z—1) <4 18. —1<Im(z) <4 

19. Re(z?) > 0 20. Im(z) < Re(z) 

21. |z-i|>1 22. 2<|z-i| <3 

23. 1<|z—1-i| <2 24, 2<|z—344i| <5 


25. Give the boundary points of the sets in Problems 13-24. 
26. Consider the set S consisting of the complex plane with the circle |z| = 5 


deleted. Give the boundary points of S. Is S connected? 


In Problems 27 and 28, sketch the set of points in the complex plane satisfying the 
given inequality. 
27. 0< arg(z) < 7/6 28. —7 < arg(z) < 1/2 


In Problems 29 and 30, describe the shaded set in the given figure using arg(z) and 
an inequality. 


29. 30. 
y 
W/ 
22/3 
x x 
2 1/3 
Figure 1.25 Figure for Problem 29 Figure 1.26 Figure for Problem 30 


In Problems 31 and 32, solve the given pair of simultaneous equations. 
31. |zZ|=2, |z-2|=2 32. |z-i)=5, arg(z)=7/4 


[Focus on Concepts| on Concepts 


33. On page 31 we stated that if p, > 0, then the set of points satisfying 
pi < |z— 2o| is the exterior to the circle of radius p; centered at zo. In gen- 
eral, describe the set if p, = 0. In particular, describe the set defined by 
|z+2—5i| > 0. 
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34. (a) What are the boundary points of a deleted neighborhood of zo? 
(b) What are the boundary points of the complex plane? 


(c) Give several examples, not including the one given on page 32, of a set S 
in the complex plane that is neither open nor closed. 


35. Use complex notation and inequalities in parts (a) and (b). 
(a) Make up a list of five sets in the complex plane that are connected. 
(b) Make up a list of five sets in the complex plane that are not connected. 


36. Consider the disk centered at zo defined by |z — zo| < p. Demonstrate that 
this set is bounded by finding an R > 0 so that all points z in the disk satisfy 
|z| < R. [Hint: See the discussion on inequalities in Section 1.2.] 


37. Suppose zo and z are distinct points. Using only the concept of distance, 
describe in words the set of points z in the complex plane that satisfy |z — zo| = 
|jz—z1|. 


38. Using only the concept of distance, describe in words the set of points z in the 
complex plane that satisfies |z — i] + |z+2| =1. 

In Problems 39 and 40, describe the shaded set in the given figure by filling in the 

two blanks in the set notation 


{ zg: —______ and/or _________} 


using complex notation for equations or inequalities and one of the words and or or. 


39. AO. 
WV 
y 
+ ae —-R LI 
Figure 1.27 Figure for Problem 39 Figure 1.28 Figure for Problem 40 


41. Consider the set S of points in the complex plane defined by {i/n}, n = 
1, 2, 3, .... Discuss which of the following terms apply to S: boundary, open, 
closed, connected, bounded. 


42. Consider a finite set S of complex numbers {z1, 22, 23, .-., Zn}. Discuss 
whether S' is necessarily bounded. Defend your answer with sound mathemat- 
ics. 


43. A set S is said to be convex if each pair of points P and Q in S can be joined 
by a line segment PQ such that every point on the line segment also lies in S. 
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Determine which of the sets S in the complex plane defined by the following 
conditions are convex. 


(a) |Jz-2+i) <3 (b) 1 <|z| <2 
(c) e>2, y<-l (d) y <2? 
(e) Re(z) <5 (f) Re(z) #0 


44. Discuss: Is a convex set, defined in Problem 43, necessarily connected? 
45. Discuss and decide whether the empty set @ is an open set. 
46. Suppose 5S; and Sz are open sets in the complex plane. 


(a) Discuss: Is the union S,US2 an open set? If you think the statement is true, 
try to prove it. If you think the statement is false, find a counterexample. 


(b) Repeat part (a) for the intersection $1; S2. 
Before answering Problems 47-50, reread the Remarks on the end of this section. 


47. Find the point (xo, yo) on the unit circle that corresponds to each of the real 
numbers: —t, 4, —3, 1, 10. See Figure 1.24(a). 


48. Find a point (xo, yo, uo) on the unit sphere that corresponds to the complex 
number 2 + 5i. See Figure 1.24(b). 


49. Describe the set of points on the unit sphere that correspond to each of the 
following sets in the complex plane. 


(a) the numbers on unit circle |z| = 1 
(b) the numbers within the open disk |z| <1 
(c) the numbers that are exterior to unit circle, that is, |z| > 1 


50. Express the coordinates of the point (xo, yo, uo) on the unit sphere in Figure 
1.24(b) in terms of the coordinates of the point (a, b, 0) in the complex plane. 
Use these formulas to verify your answer to Problem 48. [Hint: First show 
that all points on the line containing (0, 0, 1) and (a, b, 0) are of the form 
(ta, tb,1—t).] 


1.6 Applications 


In this section we are going to examine a few simple applications of complex numbers. It 
will be assumed in the discussion that the reader has some familiarity with methods for 
solving elementary ordinary differential equations. 

We saw how to find roots of complex numbers in Section 1.4. With that background we 
are now in a position to examine how to solve a quadratic equation with complex coefficients 
using the complex version of the quadratic formula. We then examine how complex numbers 
and the complex exponential are used in differential equations. This last discussion leads us 
to Euler’s formula and a new compact way of writing the polar form of a complex number. 
Lastly, we explore some ways complex numbers are used in electrical engineering. 


YN ¥ex\e3e21) You probably encountered complex numbers for the first time 
in a beginning course in algebra where you learned that roots of polynomial 
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equations can be complex as well as real. For example, any second degree, or 
quadratic, polynomial equation can solved by completing the square. In the 
general case, ax? + ba + c = 0, where the coefficients a 4 0, b, and ¢ are real, 
completion of the square in x yields the quadratic formula: 


—b+ Vb? — 4ac 
2a : 


c= (1) 
When the discriminant b? — 4ac is negative, the roots of the equation are 
complex. For example, by (1) the two roots of x? — 22 +10 =0 are 


— —(—2)+ /(—2)? — 4(1) (10) _ 2+ /-36 (2) 
2(1) 2 , 


In beginning courses the imaginary unit i is written i = /—1 and the assump- 

tion is made that the laws of exponents hold so that a number such as /—36 

can be written —36 = V36\/—1 = 6. Let us denote the two complex roots 
Note: The roots z1 and zg are con- ~@ in (2) as 2] = 143i and z = 1-31. 


jugates. See Problem 20 in Exer- 
(@}ETelecinteldejwestelees The quadratic formula is perfectly valid when the 


eises: 1.6. 
coefficients a 4 0, b, and ¢ of a quadratic polynomial equation az? +bz+c = 0 
are complex numbers. Although the formula can be obtained in exactly the 
same manner as (1), we choose to write the result as 


_ b+ (RP - Aac)\/? 
z 55 ; 


(3) 


Notice that the numerator of the right-hand side of (3) looks a little different 
than the traditional —b + //b? — 4ac given in (1). Bear in mind that when 
b? — dac # 0, the symbol (b? — 4ac) we represents the set of two square roots 
of the complex number b? —4ac. Thus, (3) gives two complex solutions. From 


Interpretation of V in this text > this point on we reserve the use of the symbol V to real numbers where Ja 
denotes the nonnegative root of the real number a > 0. The next example 
illustrates the use of (3). 


EXAMPLE 1 Using the Quadratic Formula 


Solve the quadratic equation 2? + (1 —i)z — 3i =0. 


Solution From (3), with a=1, b=1-— i, and c = —3i we have 
1—1)+([(1—4? —4(-32)]'/?_— 1 
gol a car ae 5 144+ (10é)/?]. (4) 


To compute (102)!/ we use (4) of Section 1.4 with r = V10, 6 = 7/2, and 
n=2, k=0, k =1. The two square roots of 107 are: 


wo = 10 (cos 7 + isin 7) =vi0 (+i) = V5+ Vdi 
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and 


5m 5m 1 1 
= V10 — + isin — ] = V10 i) = 5 50. 
Wy (cos 1 +isin a ( 5 =) V5 a 


Therefore, (4) gives two values: 


[1+ et (v5+ vii)] and a=5 [tit (v5 voi). 


Zz, = 


These solutions of the original equation, written in the form z = a+ 7b, are 


it 1 1 1 
Note: The roots z1 and z2 arenot ~P 2= (v5 1) { (v5 { ii and z= (v5 { 1) (v5 Li. 


conjugates. See Problem 24 in Ex- 


ercises 1.6. 
Factoring a Quadratic Polynomial BBsygitielirealmatcperckom:) 


polynomial equation we can factor the polynomial completely. This statement 
follows as a corollary to an important theorem that will be proved in Section 
5.5. For the present, note that if z; and z2 are the roots defined by (3), then 
a quadratic polynomial az? + bz + ¢ factors as 


az? +bz+e=a(z—2)(z — 22). (5) 


For example, we have already used (2) to show that the quadratic equation 
xz? — 22 +10 =0 has roots z} = 14+ 3i and z =1-—3i. With a = 1, (5) 
enables us to factor the polynomial x? — 22 + 10 using complex numbers: 


az? — 22 +10 = [x — (1+33%)] [2 — (1 — 32)] = (@ —1 — 34)(2@ —1 4+ 33). 


Similarly, the factorization of the quadratic polynomial in Example 1 is 
2? + (1—i)z— 34 = (z — 21) (z — 22) 


= [2-5 (v5-1) - 5 (v5+1)i] z+ 5 (v5+1) +5 (v5-1) 


2 2 2 


Because a first course in calculus deals principally with real quantities, you 
probably did not see any complex numbers until you took a course in differ- 
ential equations or in electrical engineering. 


IDiitoncsintleMepttateece The first step in solving a linear second-order 


ordinary differential equation ay” + by’ + cy = f(x) with real coefficients a, 
b, and c is to solve the associated homogeneous equation ay” + by’ + cy = 0. 
The latter equation possesses solutions of the form y = e””. To see this, we 


substitute y= eu. y! = me™*, yl"! = meme into ay” + by! + cy = 0: 


ay” + by’ + cy = am?e™ + bme™ + ce™ = e™ (am? + bm + c) =0. 


From e™*” (am? + bm + c) = 0, we see that y = e”*” is a solution of the homo- 
geneous equation whenever m is root of the polynomial equation am? + bm+ 
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c= 0. The latter quadratic equation is known as the auxiliary equation. 
Now when the coefficients of a polynomial equation are real, the equation can- 
not have just one complex root; that is, complex roots must always appear 
in conjugate pairs. Thus, if the auxiliary equation possesses complex roots 
a+iG,a—1i3,8 > 0, then two solutions of ay” + by’ + cy = 0 are complex 
exponential functions y = e(¢+#9)* and y = e(¢—*9)*, In order to obtain real 
solutions of the differential equation we use Euler’s formula 


e’” = cos@ + isin9, (6) 


where @ is real. With @ replaced, in turn, by @ and —6, we use (6) to write 
elotis)s — err eiba — e02(eos Bx + isin Bx) and e(¢—#)* — e%e-t8z — e°% (eos Bx — isin Bx). (7) 
Now since the differential equation is homogeneous, the linear combinations 


1 


mas [etree +e-)2] and yal [e(e+#ee _ e(o-iB)e 


21 


are also solutions. But in view of (7), both of the foregoing expressions are 
real functions 


yi=e’cosbx and y2 =e sin Bx. (8) 


| EXAMPLE 2 Solving a Differential Equation 
Solve the differential equation y” + 2y/ + 2y = 0. 


Solution We apply the quadratic formula to the auxiliary equation m? + 
2m+2 = 0 and obtain the complex roots m, = —1+7 and mg = ™, = —1—i. 
With the identifications a = —land G = 1, (8) gives us two solutions 
yi =e *cosaz and yg =e * sing. 


————————————————————— 


You may recall that the so-called general solution of a homogeneous lin- 
ear nth-order differential equations consists of a linear combination of n lin- 
early independent solutions. Thus in Example 2, the general solution of the 
given second-order differential equation is y; = cyy; + coy2 = cre” cosa + 
ce * sina, where c, and cp are arbitrary constants. 


Exponential Form of a Complex Number Xygierromaotne 


out that the results given in (6) and (7) were assumptions at that point 
because the complex exponential function has not been defined as yet. As a 
brief preview of the material in Sections 2.1 and 4.1, the complex exponential 
e* is the complex number defined by 


e* = e* +Y = e* (cosy + isiny). (9) 
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Although the proof is postponed until Section 4.1, (9) can be used to show 
that the familiar law of exponents holds for complex numbers z; and 22: 


ie? = er, (10) 


Because of (10), the results in (7) are valid. Moreover, note that Euler’s for- 
mula (4) is a special case of (9) when z is a pure imaginary number, that is, 
with x = 0 and y replaced by 6. Euler’s formula provides a notational conve- 
nience for several concepts considered earlier in this chapter. The polar form 
of a complex number z, z = r(cos@ + isin @), can now be written compactly 
as 


z= re’, (11) 


This convenient form is called the exponential form of a complex number z. 
For example, i = e™/? and 1+ 7 = V2e7*/4. Also, the formula for the n nth 
roots of a complex number, (4) of Section 1.4, becomes 


Zn = w/peilOt2km)/m -—01,2,... ,n—1. (12) 


In applying mathematics to physical sit- 
uations, engineers and mathematicians often approach the same problem in 
completely different ways. For example, consider the problem of finding the 
steady-state current i,(t) in an LRC-series circuit in which the charge q(t) on 
the capacitor for time t > 0 is described by the differential equation 


2 
“4 dt Aa = Egsinyt (13) 
where the positive constants L, R, and C are, in turn, the inductance, re- 
sistance, and capacitance. Now to find the steady-state current i,(t), we 
first find the steady-state charge on the capacitor by finding a particular 
solution g,(t) of (13). Proceeding as we would in a course in differential equa- 
tions, we will use the method of undetermined coefficients to find g,(t). This 
entails assuming a particular solution of the form q,(t) = Asinyt+ Bcos yt, 
substituting this expression into the differential equation, simplifying, equat- 
ing coefficients, and solving for the unknown coefficients A and B. It is left 
as an exercise to show that A = EyX/(—7yZ?) and B = EgR/(—7yZ?), where 
the quantities 


L 


X=Ly-1/Cy and Z=VX?+ R? (14) 


are called, respectively, the reactance and impedance of the circuit. Thus, 
the steady-state solution or steady-state charge in the circuit is 
EX 


dp(t) = 2? sin yt 


oR 
yz? cos Yt. 


From this solution and i,(t) = q,(¢) we obtain the steady-state current: 


fo (R x 
ip(t) = z (3 sin yt Zz 008 1) ; (15) 
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Electrical engineers often solve circuit problems such as this by using com- 
plex analysis. First of all, to avoid confusion with the current 7, an electrical 
engineer will denote the imaginary unit i by the symbol 7; in other words, 


j? = —1. Since current i is related to charge q by i = dq/dt, the differential 
equation (13) is the same as 
di 1 
Lo + Ri+ 4 = Ey sint. (16) 


Now in view of Euler’s formula (6), if 6 is replaced by the symbol y, then 
the impressed voltage Ep sin yt is the same as Im(Epe’7). Because of this 
last form, the method of undetermined coefficients suggests that we try a 
solution of (16) in the form of a constant multiple of a complex exponential, 
that is, i,(¢) = Im(Ae!7). We substitute this last expression into equation 
(16), assume that the complex exponential satisfies the “usual” differentiation 
rules, use the fact that charge q is an antiderivative of the current 7, and equate 
coefficients of e/7. The result is (jLy+ R+1/jCy) A = Eo and from this 
we obtain 
Eo Eo 

: 1 R+ jx’ 
R+9 (z =) 
where X is the reactance given in (14). The denominator of the last 
expression, Z. = R+ j(Ly — 1/Cy) = R+ 7X, is called the complex 
impedance of the circuit. Since the modulus of the complex impedance 
is |Z.| = \R + (Ly —1/Cy)*, we see from (14) that the impedance Z and 
the complex impedance Z, are related by Z = |Z,|. 


Now from the exponential form of a complex number given in (11), we 
can write the complex impedance as 


A= (17) 


1 
Ly - ox 
Fe 
Hence (17) becomes A = Eo/Z, = Eo/(Ze?°), and so the steady-state current 
is given by 


Z.=|Z.|e?° = Ze?” where tan? = 


i,(f) =1m (Zevon) ; (18) 


You are encouraged to verify that the expression in (18) is the same as that 
given in (15). 


Comparison with Real Analysis 


We have seen in this section that if z, is a complex root of a polynomial 
equation, then z2 = Z; is another root whenever all the coefficients of the 
polynomial are real, but that Zz, is not necessarily a root of the equation 
when at least one coefficient is not real. In the latter case, we can obtain 
another factor of the polynomial by dividing it by z — z;. We note that 
synthetic division is valid in complex analysis. See Problems 25 and 26 
in Exercises 1.6. 
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DDG DMG ISS Answers to selected odd-numbered problems begin on page ANS-6. 


In Problems 1-6, solve the given quadratic equation using the quadratic formula. 
Then use (5) to factor the polynomial. 


1. 2 +iz-—2=0 2. iz? -z+i=0 

3. 227-—(1+i)z+6-171=0 4. 27— (14 9i)z-20+51=0 
5. 27 4+22—/3i=0 

6. 327 + (2 — 3%)z — 1 — 3% = 0 [Hint: See Problem 15 in Exercises 1.4.] 


In Problems 7-12, express the given complex number in the exponential form 


z=re, 

7. —10 8. —27i 

9. -4-—4: 10. Z - 

1+% 

11. (3-1)? 12. (1+4%)? 
In Problems 13-16, find solutions of the given homogeneous differential equation. 
13. y" —4y' + 13y =0 14. 3y"+2y’+y=0 
15. y’+y'+y=0 16. y” +2y'+4y=0 


In Problems 17 and 18, find the steady-state charge q,(t) and steady-state current 
ip(t) for the LRC-series circuit described by the given differential equation. Find the 
complex impedance and impedance of the circuit. Use the real method or complex 
method discussed on page 41 as instructed. 


dq dq dq. dq 
17... 0. t +12.5¢q=1 t 18. —~=+2— 
0.572 33 5q Ocos5 7D + di 


[Focus on Concepts| on Concepts 


19. Discuss how (3) can be used to find the four roots of z4 — 22? + 1— 2i = 0. 
Carry out your ideas. 


+ 2q = 100sint 


20. If z1 is a root of a polynomial equation with real coefficients, then its conjugate 
za = Z, is also a root. Prove this result in the case of a quadratic equation 
az” + bz +c = 0, where a = 0, b, and c are real. Start with the properties of 
conjugates given in (1) and (2) of Section 1.1. 

In Problems 21 and 22, use Problem 20 and (5) of this section to factor the given 


quadratic polynomial if the indicated complex number is one root. 


21. 42? +122 +34 =0; a=-S thi 


22. 527-224+4=0; a= 5 


23. (a) Find a quadratic polynomial equation for which 2 — 7 is one root. 
(b) Is your answer to part (a) unique? Elaborate in detail. 


24. If z, is a root of a polynomial equation with nonreal coefficients, then its conju- 
gate zo = Z; is not a root. Prove this result in the case of a quadratic equation 
az” +bz+c=0, where at least one of the coefficients a ¢ 0, b, or c is not real. 
Use your work from Problem 20 and indicate at what point out we can make 
this conclusion. 
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In Problems 25 and 26, factor the given quadratic polynomial if the indicated com- 
plex number is one root. [Hint: Consider long division or synthetic division.] 


25. 3iz? + (9 — 16i)z —17 -4; 21 =5 42% 


26. 42? + (—134 18%)z —5—10i; 2, = 3-4: 


In Problems 27 and 28, establish the plausibility of Euler’s formula (6) in the two 
ways that are specified. 


1 1 
27. The Maclaurin series e” = S>*~_, oe" =l+2r4 Tha } —@7° +... is known to 
n! ! ! 
converge for all values of x. Taking the last statement at face value, substitute 
a = 10, 0 real, into the series and simplify the powers of i”. See what results 


when you separate the series into real and imaginary parts. 


28. (a) Verify that yi: = cos @ and y2 = sin @ satisfy the homogeneous linear second- 
@ 

order differential equation oe +y = 0. Since the set of solutions consisting 

of yi and yo is linearly independent, the general solution of the differential 


equation is y = c1 cos@ + ce sin#. 


(b) Verify that y = e’’, where i is the imaginary unit and @ is a real variable, 
also satisfies the differential equation given in part (a). 


(c) Since y = e”” is a solution of the differential equation, it must be obtainable 
from the general solution given in part (a); in other words, there must exist 
specific coefficients c; and cz such that = ci cos@ + co sin @. Verify from 
y =e’? that y(0) = 1 and y’(0) =. Use these two conditions to determine 
cy and ce. 


29. Find a homogeneous linear second-order differential equation for which 


y =e >” cos 2x is a solution. 


30. (a) By differentiating Equation (13) with respect to t, show that the current 
in the LRC-series is described by 


; 41. 
Lap + R— 4 a Eo ycos yt. 


(b) Use the method of undetermined coefficients to find a particular solution 
ip, (t) = Ae?7* of the differential equation 


ai di 1 
L i= Enye?™. 
ea oe 


(c) How can the result of part (b) be used to find a particular solution i,(t) of 
the differential equation in part (a). Carry out your thoughts and verify 
that ip(t) is the same as (15). 


Computer Lab Assignments 


In Problems 31-34, use a CAS as an aid in factoring the given quadratic polynomial. 
31. 2? —3iz—2 32. 2? —V3z-i 
33. iz? — (24+ 3i)z +1454 34. (3+%)27 + (14+ 7i)z—10 


44 


Chapter 1 Complex Numbers and the Complex Plane 


In Problems 35 and 36, use a CAS to solve the given polynomial equation. In 
Mathematica the command Solve will find all roots of polynomial equations up to 
degree four by means of a formula. 


35. 22 —427+10=0 36. 244+ 4iz7 +101 =0 


In Problems 37 and 38, use a CAS to solve the given polynomial equation. The com- 
mand NSolve in Mathematica will approximate all roots of polynomial equations 
of degree five or higher. 


37. 2 —2z-12=0 38. 2° — 244 3iz7-1=0 


39. Cubic Formula In this project you are asked to investigate the solution of 
a cubic polynomial equation by means of a formula using radicals, that is, a 
combination of square roots and cube roots of expressions involving the coeffi- 
cients. 


(a) To solve a general cubic equation 2 + az? +bz+c = 0 it is sufficient to 
solve a depressed cubic equation 2? = mx +n since the general cubic 
equation can be reduced to this special case by eliminating the term az’. 
Verify this by means of the substitution z = x —a/3 and identify m and n. 


(b) Use the procedure outlined in part (a) to find the depressed cubic equation 
for 2° + 322 —3z2-9=0. 


(c) A solution of 23 = max +n is given by 
: 1/3 
p-|@4(™_ my” n(n _ my” 
a a Be 2 4 27 


Use this formula to solve the depressed cubic equation found in part (b). 


1/3 
+ 


(d) Graph the polynomial z? + 3z? — 3z — 9 and the polynomial from the 
depressed cubic equation in part (b); then estimate the x-intercepts from 
the graphs. 


(e) Compare your results from part (d) with the solutions found in part (c). 
Resolve any apparent differences. Find the three solutions of z* + 32? — 
3z-9=0. 


(£) Do some additional reading to find geometrically motivated proofs (using a 
square and a cube) to derive the quadratic formula and the formula given 
in part (c) for the solution of the depressed cubic equation. Why is the 
name quadratic formula used when the prefix quad stems from the Latin 
word for the number four? 


40. Complex Matrices In this project we assume that you have either had some 
experience with matrices or are willing to learn something about them. 


Certain complex matrices, that is, matrices whose entries are complex num- 
bers, are important in applied mathematics. An n x n complex matrix A is 
said to be: 


Hermitian if A? = A, 
Skew-Hermitian if AT = —A, 
Unitary if AT = A}, 
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Here the symbol A means the conjugate of the matrix A, which is the matrix 
obtained by taking the conjugate of each entry of A. A? is then the transpose 
of A, which is the matrix obtained by interchanging the rows with the columns. 
The negative —A is the matrix formed by negating all the entries of A; the 
matrix A~! is the multiplicative inverse of A. 


(a) Which of the following matrices are Hermitian, skew-Hermitian, or unitary? 


3% 10 —10 — 2% 
A= —10 0 A+i 
10-2) —4+i —5é 
1 0 0 
B= 0 2+7% —2+1 
/10 V10 
‘ Q+i 2-i 
/10 V10 
2 147% 642i 
C= 1—Ti 4 1+i 
—6 —2i 1-4 0 


(b) What can be said about the entries on the main diagonal of a Hermitian 
matrix? Prove your assertion. 


(c) What can be said about the entries on the main diagonal of a skew- 
Hermitian matrix? Prove your assertion. 


(d) Prove that the eigenvalues of a Hermitian matrix are real. 


(e) Prove that the eigenvalues of a skew-Hermitian matrix are either pure 
imaginary or zero. 


(f) Prove that the eigenvalues of unitary matrix are unimodular; that is, 
|A| = 1. Describe where these eigenvalues are located in the complex plane. 


(g) Prove that the modulus of a unitary matrix is one, that is, |det A] = 1. 


(h) Do some additional reading and find an application of each of these types 
of matrices. 


(i) What are the real analogues of these three matrices? 


CHAPTER 1 REVIEW QUIZ Answers to selected odd-numbered problems begin 
on page ANS-6. 


In Problems 1—22, answer true or false. If the statement is false, justify your 
answer by either explaining why it is false or giving a counterexample; if the 
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statement is true, justify your answer by either proving the statement or citing 
an appropriate result in this chapter. 


1. 


Bi Oe Oe Be 28k 


Re(z122) = Re(z1) Re(z2) 

Im(4 + 7i) = Ti 
Je-1]=[2-11 

If Im(z) > 0, then Re(1/z) > 0. 
i < 102 

If z £0, then Arg(z + Zz) = 0. 
|x + ty| < |x| + ly! 


arg(Z) = arg (Z) 


If Z = —z, then z is pure imaginary. 


arg(—2 + 10%) = 7 — tan” '(5) + 2nz for n an integer. 


. If z is a root of a polynomial equation a,z” + Qn—12" +e Faz +a9 = 0, 


then Z is also a root. 


. For any nonzero complex number z, there are an infinite number of values for 


arg(z). 


. If|z—2| < 2, then | Arg(z)| < 7/2. 


. The set S of complex numbers z = x + iy whose real and imaginary parts are 


related by y = sina is a bounded set. 


. The set S of complex numbers z satisfying |z| < lor|z—37| < 1 is a domain. 


Consider a set of S of complex numbers. If the set A of all real parts of the 
numbers in S is bounded and the set B of all imaginary parts of the numbers 
in S is bounded, then necessarily the set S is bounded. 


The sector defined by —7/6 < arg(z) < 7/6 is neither open or nor closed. 


. For z £0, there are exactly five values of z°/° = (z°)1/°, 
. A boundary point of a set S is a point in S. 


. The complex plane with the real and imaginary axes deleted has no boundary 


points. 


. Im (e’?) = sin @. 


. The equation z” = 1, n a positive integer, will have only real solutions for n = 1 


and n = 2. 


In Problems 23-50, try to fill in the blanks without referring back to the text. 


23. 


24. 


25. 


26. 


: 3-14 2— 2% 
If a+b ioe Lan 
Ifz= then |z| = 


s 3 
—3-—4t 


If |z| = Re(z), then z is 


If z= 344i, then Re (<) = 
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27. 
28. 
29. 


30. 


31. 
32. 
33. 


34. 
35. 


36. 


37. 


38. 


39. 
40. 


41. 
42. 


43. 


44. 


45. 


46. 


AT. 


48. 


49. 


50. 


The principal argument of z = —1 —7 is 
4+ 22 = 


arg ((1+4)) = ——__, | (1+.4)°| = _____, Im((1 +9”) = 
and Re ((1+%)*°) = : 


483 
1 v3 5 = 
+4)" 
If z is a point in the second quadrant, then 77 is in the ________ quadrant. 
oe" — 59 4207) = 


Of the three points z} = 2.54 1.9%, zo = 1.5 — 2.91,and z3 = —2.4 + 2.21, 
is the farthest from the origin. 


If 307 — 2z = 6, then z = 
If 22 — 3yt +9 = —a@ + 2yi + 52, then z = 


5 
If z = ————.,, then Arg(z) = 
—V3+i at) 


If z £ 0 is areal number, then z+z~' is real. Other complex numbers z = a+iy 
for which z+ z~' is real are defined by |z| = 


The position vector of length 10 passing through (1, —1) is the same as the 
complex number z = 


The vector z = (2 + 2%)(V/3 +7) lies in the ________ quadrant. 


The boundary of the set S of complex numbers z satisfying both Im(y) > 0 
and | z — 3i| > 1 is 


In words, the region in the complex plane for which Re(z) < Im(z) is 


The region in the complex plane consisting of the two disks |z+ i] < 1 and 


jz —i| <1 is ________ (connected/not connected). 
Suppose that zo is not a real number. The circles |z— zo| = |Z — 2o| and 
|z — Zo| = |zo0 — Zo| intersect on the ________ (real axis/imaginary axis). 


In complex notation, an equation of the circle with center —1 that passes 
through 2 — 7 is 


A positive integer n for which (1 +7)” = 4096 is n = 


(4 — 51)®°8 
(5 + 4i)658 


From (cos @ +i sin 0)* = cos 40 + isin 40 we get the real trigonometric identities 
cos 49 = ______ and sin4@ = 


When z is a point within the open disk defined by |z| < 4, an upper bound for 
| 22-227 +6242| is given by 


In Problem 20 in Exercises 1.6 we saw that if zi is a root of a polynomial 
equation with real coefficients, then its conjugate z2 = 2 is also a root. Assume 
that the cubic polynomial equation az? + bz? + cz +d = 0, where a, b, c, and 
d are real, has exactly three roots. One of the roots must be real because 


(a) Interpret the circular mnemonic for positive integer powers of 7 given in 


48 


2p 


Figure 1.29 Figure for Problem 50 
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Figure 1.29. Use this mnemonic to find i” for the following values of n: 


5, 9, 13,17, 21,...;7%= 
6, 10, 14, 18, 22,...;i7 = 
7, 11, 15, 19, 23, .2.;2% = 
8, 12, 16, 20, 24,...;i7 = 


(b) Reinspect the powers n in the four rows in part (a) and then divide each 
these powers by 4. Based on your discovery, discern an easy rule for deter- 
mining 7” for any positive integer n. Use your rule to compute 


33 — 68 87 102 _ 624 


? ? ? ? — 


2 Complex Fuctions 
and Mappings 


2.1 Complex Functions 
2.2 Complex Functions as Mappings 
2.3 Linear Mappings 


2.4 Special Power Functions 
2.4.1. The Power Function z” 
2.4.2 The Power Function z!/” 


2.5 Reciprocal Function 


2.6 Limits and Continuity 


Image of a square under translation. 2.6.1 Limits 


See page 69. 
Peake 2.6.2 Continuity 


2.7. Applications 
Chapter 2 Review Quiz 


Introduction In the last chapter we introduced 
complex numbers and examined some of their al- 
gebraic and geometric properties. In this chap- 
ter we turn our attention to the study of func- 
tions from a set of complex numbers to another 
set of complex numbers. Unlike the functions 
studied in elementary calculus, we shall see that 
we cannot draw the graph of a complex function. 
Therefore, we introduce the notion of a mapping 
as an alternative way of graphically representing 
a complex function. The concepts of a limit of a 
complex function and continuity of a complex 
function are also introduced in this chapter. 
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2.1 Complex Functions 


One of the most important concepts in mathematics is that of a function. You may recall 
from previous courses that a function is a certain kind of correspondence between two sets; 
more specifically: 


A function f from a set A to a set B is a rule of correspondence that assigns 
to each element in A one and only one element in B. 


We often think of a function as a rule or a machine that accepts inputs from the set A and 
returns outputs in the set B. In elementary calculus we studied functions whose inputs and 
outputs were real numbers. Such functions are called real-valued functions of a real 
variable. In this section we begin our study of functions whose inputs and outputs are 
complex numbers. Naturally, we call these functions complex functions of a complex 
variable, or complex functions for short. As we will see, many interesting and useful 
complex functions are simply generalizations of well-known functions from calculus. 


Suppose that f is a function from the set A to the set B. If 
f assigns to the element a in A the element b in B, then we say that 6 is the 
image of a under f, or the value of f at a, and we write b = f(a). The 
set A—the set of inputs—is called the domain of f and the set of images in 
B—the set of outputs—is called the range of f. We denote the domain and 
range of a function f by Dom(/) and Range(/), respectively. As an example, 
consider the “squaring” function f(a) = x? defined for the real variable z. 
Since any real number can be squared, the domain of f is the set R of all 
real numbers. That is, Dom(f) = A = R. The range of f consists of all real 
numbers x? where x is a real number. Of course, x? > 0 for all real 2, and 
it is easy to see from the graph of f that the range of f is the set of all 
nonnegative real numbers. Thus, Range(f) is the interval [0,00). The range 
of f need not be the same as the set B. For instance, because the interval 
(0, co) is a subset of both R and the set C of all complex numbers, f can be 
viewed as a function from A = R to B= R or f can be viewed as a function 
from A = R to B= C. In both cases, the range of f is contained in but not 
equal to the set B. 

As the following definition indicates, a complex function is a function 
whose inputs and outputs are complex numbers. 


Definition 2.11 Complex Function 


A complex function is a function f whose domain and range are subsets 
of the set C of complex numbers. 


A complex function is also called a complex-valued function of a 

Notation used throughout this text. 0 Complex variable. For the most part we will use the usual symbols f, g, 
and h to denote complex functions. In addition, inputs to a complex function 

f will typically be denoted by the variable z and outputs by the variable 

w = f(z). When referring to a complex function we will use three notations 
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interchangeably, for example, f(z) = z—i, w = z—i, or, simply, the function 
z—4i%. Throughout this text the notation w = f(z) will always denote a 
complex function, whereas the notation y = f(a) will be reserved to represent 
a real-valued function of a real variable x. 


EXAMPLE 1 Complex Function 


(a) The expression z? — (2 + %)z can be evaluated at any complex number z 
and always yields a single complex number, and so f(z) = 2? — (2+ i)z 
defines a complex function. Values of f are found by using the arithmetic 
operations for complex numbers given in Section 1.1. For instance, at the 
points z=7 and z= 1-+7 we have: 


f@) = (4)? - (24+. 90) =-1-2144+1= -2i 
and f(1+i)=(14+4)?—(24+a)(1+%) =2i-1-3i=-1-i. 


(b) The expression g(z) = z + 2 Re(z) also defines a complex function. Some 
values of g are: 


g(i) =i + 2Re(i) =i+2(0) =i 
and g(2 — 3i) = 2 — 3i + 2Re (2 — 3i) = 2 — 34 + 2(2) = 6 — 3i. 


When the domain of a complex function is not explicitly stated, we assume 
the domain to be the set of all complex numbers z for which f(z) is defined. 
This set is sometimes referred to as the natural domain of f. For example, 
the functions f(z) = 27 — (2+ i)z and g(z) = z+2Re(z) in Example 1 are 
defined for all complex numbers z, and so, Dom(f) = C and Dom(g) = C. 
The complex function h(z) = z/(z? +1) is not defined at z = i and z = —i 
because the denominator z? +1 is equal to 0 when z = +i. Therefore, Dom(h) 
is the set of all complex numbers except i and —i. 

In the section introduction, we defined a real-valued function of a real 
variable to be a function whose domain and range are subsets of the set R of 
real numbers. Because R is a subset of the set C of the complex numbers, 
every real-valued function of a real variable is also a complex function. We 
will soon see that real-valued functions of two real variables x and y are also 
special types of complex functions. These functions will play an important role 
in the study of complex analysis. In order to avoid repeating the cumbersome 
terminology real-valued function of a real variable and real-valued function of 
two real variables, we use the term real function from this point on to refer 
to any type of function studied in a single or multivariable calculus course. 


Real and Imaginary Parts of a Complex Function Iiitgs 


often helpful to express the inputs and the outputs a complex function in 
terms of their real and imaginary parts. If w = f(z) is a complex function, 
then the image of a complex number z = x+y under f is a complex number 
w= u+iv. By simplifying the expression f(x + iy), we can write the real 


52 Chapter 2. Complex Functions and Mappings 


variables wu and v in terms of the real variables x and y. For example, by 
replacing the symbol z with «+iy in the complex function w = z, we obtain: 


w=utiv=(et+iy)? =27 —y? + 2xyi. (1) 


From (1) the real variables u and v are given by u = 2? — y? and v = 2zy, 
respectively. This example illustrates that, if w = u+iv = f(a + ty) is 
a complex function, then both u and v are real functions of the two real 
variables x and y. That is, by setting z = x+iy, we can express any complex 
function w = f(z) in terms of two real functions as: 


f(z) = ula, y) + tv(@, 9). (2) 


The functions u(x, y) and v(x, y) in (2) are called the real and imaginary 
parts of f, respectively. 


| EXAMPLE 2 Real and Imaginary Parts of a Function 


Find the real and imaginary parts of the functions: (a) f(z) = 2? — (2+ i)z 
and (b) g(z) = z+2Re(z). 


Solution In each case, we replace the symbol z by x + iy, then simplify. 


(a) f(z) = («4 iy)? (2+ 4%) (2+ iy) =22-2a+y-—y2+ (Qry—2—-2y)i. 
So, u(z,y) = 27 -—22+y—y? and v(2, y) = 2ry — x — 2y. 


(b) Since g(z) = x + iy +2Re(a + iy) = 3a + iy, we have u(x, y) = 3v and 
v(@, y) = y- 


—— 


Every complex function is completely determined by the real functions 
A function f can be defined without gep u(x, y) and v(a, y) in (2). Thus, a complex function w = f(z) can be defined 
using the symbol z. by arbitrarily specifying two real functions u(a, y) and vu(az, y), even though 
w = u+iv may not be obtainable through familiar operations performed 
solely on the symbol z. For example, if we take, say, u(r, y) = xy? and 
v(x, y) = 2? —4y?, then f(z) = zy? + i(a? — 4y?) defines a complex function. 
In order to find the value of f at the point z = 3+ 27, we substitute « = 3 and 
y = 2 into the expression for f to obtain f(3 + 2i) = 3-2? + i(3? — 4-23) = 
12 — 233. 
We note in passing that complex functions defined in terms of u(x, y) 
and vu(z, y) can always be expressed, if desired, in terms of operations on the 
symbols z and Z. See Problem 32 in Exercises 2.1. 


Drqolecongeiameranteyam In Section 1.6 we informally introduced the 


complex exponential function e*. This complex function is an example of one 
that is defined by specifying its real and imaginary parts. 
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Definition 2.2 Complex Exponential Function 


The function e* defined by: 
e* =e” cosy +ie” siny 


is called the complex exponential function. 


By Definition 2.2, the real and imaginary parts of the complex exponential 
function are u(z, y) = e* cosy and v(x, y) = e* siny, respectively. Thus, 
values of the complex exponential function w = e* are found by expressing 
the point z as z = x + ty and then substituting the values of x and y in (3). 
The following example illustrates this procedure. 


EXAMPLE 3 Values of the Complex Exponential Function 


Find the values of the complex exponential function e* at the following points. 
(a) z=0 (b) z=7 (c) z=2+ 7% 


Solution In each part we substitute x = Re(z) and y = Im(z) into (3) and 
then simplify. 


(a) For z = 0, we have x = 0 and y = 0, and so e? = e° cos0 +4 ie® sin 0. 
Since e° = 1 (for the real exponential function), cos0 = 1, and sin0 = 0, 


e° = e° cos0 + isinO simplifies to e° = 1. 


(b) For z =i, we have x = 0 and y= 1, and so: 
e' = e°cos1 + ie’ sin] = cos1 + isin 1 © 0.5403 + 0.8415%. 


2+nt — ©? cos a+ie? sin Tm. 
Q+mi 62 


(c) For z = 2+77, we have x = 2 and y = 7, and so e 
Since cos 7 = —1 and sinz = 0, this simplifies to e 


Exponential Form of a Complex Number Q@ivotnracmenapr 


Section 1.6, the exponential function enables us to express the polar form of 
a nonzero complex number z = r(cos@ + isin @) in a particularly convenient 
and compact form: 


z=re™. (4) 


We call (4) the exponential form of the complex number z. For example, 
a polar form of the complex number 33 is 3 [cos (7/2) + isin (7/2)], whereas 
an exponential form of 3i is 3e’7/. Bear in mind that in the exponential 
form (4) of a complex number, the value of @ = arg(z) is not unique. This 
is similar to the situation with the polar form of a complex number. You 
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The functions wu (r,@) and u(r, 6) are 
not the same as the functions u(x, y) 
and v(a, y). 


ES 
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are encouraged to verify that //2e'7/*, /2e!9"/4, and V2e!!""/4 are all valid 
exponential forms of the complex number 1 + 7. 

If z is a real number, that is, if z = # + Oi, then (3) gives e* = e” cos0 + 
ie” sin0 = e*. In other words, the complex exponential function agrees with 
the usual real exponential function for real z. Many well-known properties 
of the real exponential function are also satisfied by the complex exponential 
function. For instance, if z; and z2 are complex numbers, then (3) can be 
used to show that: 


e=1, (5) 

e712 e71 +72 | (6) 
zy 

are, (7) 
(at) et foe re DEN Ds (8) 


Proofs of properties (5)—(8) will be given in Section 4.1 where the complex 
exponential function is discussed in greater detail. 

While the real and complex exponential functions have many similarities, 
they also have some surprising and important differences. Perhaps the most 
unexpected difference is: 


The complex exponential function is periodic. 


In Problem 33 in Exercises 2.1 you are asked to show that that e7+?™ = e? 


for all complex numbers z. This result implies that the complex exponential 
function has a pure imaginary period 277. 


imoltcimm@efeynetiteinecm Up to this point, the real and imaginary parts of 


a complex function were determined using the Cartesian description x + zy of 
the complex variable z. It is equally valid, and, oftentimes, more convenient to 
express the complex variable z using either the polar form z = r(cos 0+isin 0) 
or, equivalently, the exponential form z = re’®. Given a complex function 
w = f(z), if we replace the symbol z with r(cos @ +isin 6), then we can write 
this function as: 


f(z) = u(r, 0) + tv(7, 8). (9) 


We still call the real functions u(r, @) and u(r, 8) in (9) the real and imaginary 
parts of f, respectively. For example, replacing z with r(cos 6+ 7sin @) in the 
function f(z) = 27, yields, by de Moivre’s formula, 


f(z) = (r(cos 6 + isin @))? = r? cos 20 + ir? sin 20. 


Thus, using the polar form of z we have shown that the real and imaginary 
parts of f(z) = 2? are 


u(r,9) =r? cos20 and v(r,6) =r? sin 20, (10) 
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respectively. Because we used a polar rather than a Cartesian description of 
the variable z, the functions u and v in (10) are not the same as the functions 
u and v in (1) previously computed for the function 27. 

As with Cartesian coordinates, a complex function can be defined by 
specifying its real and imaginary parts in polar coordinates. The expression 
f(z) =r? cos 6+ (2rsin 6)i, therefore, defines a complex function. To find the 
value of this function at, say, the point z = 27, we first express 27 in polar 


form: 


21 =2 (cos = +isin 2). 


We then set r = 2 and 6 = 7/2 in the expression for f to obtain: 


f(2i) = (2)? cos F + (2-2sin5)i=8-04(4-1i=4i. 


Comparison with Real Analysis 


(z) 


(iii) 


The complex exponential function provides a good example of how 
complex functions can be similar to and, at the same time, differ- 
ent from their real counterparts. Both the complex and the real 
exponential function satisfy properties (5)—(8). On the other hand, 
the complex exponential function is periodic and, from part (c) of 
Example 3, a value of the complex exponential function can be a 
negative real number. Neither of these properties are shared by the 
real exponential function. 


In this section we made the important observation that every com- 
plex function can be defined in terms of two real functions u(z, y) 
and u(@, y) as f(z) = u(x, y)+iv(a2, y). This implies that the study 
of complex functions is closely related to the study of real multivari- 
able functions of two real variables. The notions of limit, continuity, 
derivative, and integral of such real functions will be used to develop 
and aid our understanding of the analogous concepts for complex 
functions. 


On page 51 we discussed that real-valued functions of a real vari- 
able and real-valued functions of two real variables can be viewed as 
special types of complex functions. Other special types of complex 
functions that we encounter in the study of complex analysis include 
the following: 

Real-valued functions of a complex variable are functions 
y = f(z) where z is a complex number and y is a real number. 
The functions z = Re(z) and r = |z| are both examples of this type 
of function. 
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Complex-valued functions of a real variable are functions 
w = f(t) where ¢ is a real number and w is a complex number. 
It is customary to express such functions in terms of two real-valued 
functions of the real variable t, w(t) = x(t) + iy(t). For example, 
w(t) = 3t + icost is a complex-valued function of a real variable t. 


These special types of complex functions will appear in various places 
throughout the text. 


[DRG D NOUS DS YE Answers to selected odd-numbered problems begin on page ANS-7. 


In Problems 1-8, evaluate the given complex function f at the indicated points. 


1. f(z) = 272-2 (a) 2i b)1+i c) 3—2% 

2. f(z) =—23 +2242 (a) i b)2-i (c) 142% 

3. f(z) = log, |z| + iArg(z) (a) 1 b) 4i c)1+i% 

A. f(z) = |z|? — 2Re(iz) + z (a) 3-47 b) 2-4 c) 1+2% 

5. f(z) =(ry—27)+i(8a+y) (a) 3i b) 4+i c) 3—5i 

6. f(z) =e (a)2—7i  (b) 5 c) log, 2 = 274 
7. f(z) =r+icos (a) 3 —24 c) 2-4 

8. f(z)=r sin 5 + cos 20 (a) —2 b) 1+i% c) —5i 


In Problems 9-16, find the real and imaginary parts u and v of the given complex 
function f as functions of x and y. 


f(z) =6z-54 9 10. f(z) = —3z+4+ 27-1 
11. f(z)= Pa 12. f(z) =274+27 
1 
LSS I) Sa 14. f(z)= ors 
15. f(z) = e+ 16. f(z)=e 


In Problems 17-22, find the real and imaginary parts wu and v of the given complex 
function f as functions of r and 0. 


17. f(z) =z 18. f(z) =|z| 
19. f(z)=2" 20. f(z)=24+ - 
21. f(z) =e 22. f(z) =a? 4+y?—yi 


In Problems 23-26, find the natural domain of the given complex function f. 


a ae ae 24. fe) = aes 
25. f(z) = oa 26. f(z) = we 
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[Focus on Concepts| on Concepts 


27. Discuss: Do the following expressions define complex functions f(z)? Defend 


28. 


29. 


30. 


31. 


32. 


33. 


34. 
35. 


36. 


your answer. 

(a) arg(z) (b) Arg(z) (c) cos(arg(z)) + isin(arg(z)) 
(d) 21? (e) |2| (f) Re(z) 

Find the range of each of the following complex functions. 

(a) f(z) = Im(z) defined on the closed disk |z| < 2 

(b) f(z) = |z| defined on the square 0 < Re(z) < 1,0 < Im(z) <1 


(c) f(z) = 2 defined on the upper half-plane Im(z) > 0 


Find the natural domain and the range of each of the following complex func- 
tions. 


(a) f(z) = a [Hint: In order to determine the range, consider | f(z)|.] 
z 
. OZ 
(b) f(z) =34+4i4+ al 
Z+2Z 


Give an example of a complex function whose natural domain consists of all 
complex numbers except 0, 1+ 7, and 1 —i. 


Determine the natural domain and range of the complex function 
f(z) = cos (xz — y) +isin (x — y). 


Suppose that z = «+ 7iy. Reread Section 1.1 and determine how to express x 
and y in terms of z and z. Then write the following functions in terms of the 
symbols z and 2. 


(a) f(z) =a? +y¥? (b) f(z) =a2-2y+2+ (6r+y)i 
(c) f(z) =2? —y? — (Bry)i (d) f(z) = 3y? + (32) i 


In this problem we examine some properties of the complex exponential func- 
tion. 


(a) If z =a + iy, then show that |e*| = e*. 


(b) Are there any complex numbers z with the property that e* = 0? [Hint: 
Use part (a).] 


(c) Show that f(z) = e* is a function that is periodic with pure imaginary 
period 27%. That is, show that e*+?"' = e* for all complex numbers z. 

Use (3) to prove that e* = e” for all complex z. 

What can be said about z if |e~*| <1? 


Let f(z) = sj 


(a) Show that f is periodic with real period 27. 


(b) Suppose that z is real. That is, z = x + Oi. Use (3) to rewrite f(a + 02). 
What well-known real function do you get? 
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37. What is the period of each of the following complex functions? 
(a) f(z) =e*** (b) f(z) =e" 
(c) f(z) =e" (d) f(z) =e**" 


38. If f(z) is a complex function with pure imaginary period 7, then what is the 
period of the function g(z) = f(z — 2)? 


2.2 Complex Functions as Mappings 


Recall that if f is a real-valued function of a real variable, then the graph of f is a curve in 
the Cartesian plane. Graphs are used extensively to investigate properties of real functions 
in elementary courses. However, we'll see that the graph of a complex function lies in 
four-dimensional space, and so we cannot use graphs to study complex functions. In this 
section we discuss the concept of a complex mapping, which was developed by the German 
mathematician Bernhard Riemann to give a geometric representation of a complex function. 
The basic idea is this. Every complex function describes a correspondence between points in 
two copies of the complex plane. Specifically, the point z in the z-plane is associated with the 
unique point w = f(z) in the w-plane. We use the alternative term complex mapping in 
place of “complex function” when considering the function as this correspondence between 
points in the z-plane and points in the w-plane. The geometric representation of a complex 
mapping w = f(z) attributed to Riemann consists of two figures: the first, a subset S of 
points in the z-plane, and the second, the set $” of the images of points in S under w = f(z) 
in the w-plane. 


A useful tool for the study of real functions in elementary 
calculus is the graph of the function. Recall that if y = f(x) is a real-valued 
function of a real variable x, then the graph of f is defined to be the set 
of all points (x, f(a)) in the two-dimensional Cartesian plane. An analogous 
definition can be made for a complex function. However, if w = f(z) isa 
complex function, then both z and w lie in a complex plane. It follows that 
the set of all points (z, f(z)) lies in four-dimensional space (two dimensions 
from the input z and two dimensions from the output w). Of course, a subset 
of four-dimensional space cannot be easily illustrated. Therefore: 


We cannot draw the graph a complex function. 


The concept of a complex mapping provides an alternative way of giving 
a geometric representation of a complex function. As described in the section 
introduction, we use the term complex mapping to refer to the correspon- 
dence determined by a complex function w = f(z) between points in a z-plane 
and images in a w-plane. If the point zo in the z-plane corresponds to the 
point wo in the w-plane, that is, if wo = f(zo), then we say that f maps 2 
onto wo or, equivalently, that zp is mapped onto wo by f. 

As an example of this type of geometric thinking, consider the real func- 
tion f(a) = «+2. Rather than representing this function with a line of slope 
1 and y-intercept (0, 2), consider how one copy of the real line (the z-line) is 
mapped onto another copy of the real line (the y-line) by f. Each point on the 
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x-line is mapped onto a point two units to the right on the y-line (0 is mapped 
onto 2, while 3 is mapped onto 5, and so on). Therefore, the real function 
f(x) = «+2 can be thought of as a mapping that translates each point in the 
real line two units to the right. You can visualize the action of this mapping 
by imagining the real line as an infinite rigid rod that is physically moved two 
units to the right. 

On order to create a geometric representation of a complex mapping, we 
begin with two copies of the complex plane, the z-plane and the w-plane, 
drawn either side-by-side or one above the other. A complex mapping is 
represented by drawing a set S of points in the z-plane and the corresponding 
set of images of the points in S under f in the w-plane. This idea is illustrated 
in Figure 2.1 where a set S' in the z-plane is shown in color in Figure 2.1(a) 
and a set labeled 8’, which represents the set of the images of points in S' 
under w = f(z), is shown in gray in Figure 2.1(b). From this point on we will 
use notation similar to that in Figure 2.1 when discussing mappings. 


Notation: S’ 


If w = f(z) ts a complex mapping and if S is a set of points in the 
z-plane, then we call the set of images of the points in S under f the 
image of S under f, and we denote this set by the symbol S’.* 


If the set S has additional properties, such as S is a domain or a curve, 
then we also use symbols such as D and D’ or C and C’, respectively, to 
denote the set and its image under a complex mapping. The notation f(C) 
is also sometimes used to denote the image of a curve C under w = f(z). 


y v 


w =f (2) 


(a) The set S in the z-plane (b) The image of S in the w-plane 


Figure 2.1 The image of a set S under a mapping w = f(z) 


An illustration like Figure 2.1 is meant to convey information about the 
general relationship between an arbitrary point z and its image w = f(z). 
As such, the set S needs to be chosen with some care. For example, if f 
is a function whose domain and range are the set of complex numbers C, 
then choosing S = C will result in a figure consisting solely of two complex 


*The set 3S is sometimes called the pre-image of S’ under f. 
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planes. Clearly, such an illustration would give no insight into how points in 
the z-plane are mapped onto points in the w-plane by f. 


| EXAMPLE 1 Image of a Half-Plane under w = iz 


y Find the image of the half-plane Re(z) > 2 under the complex mapping w = iz 
and represent the mapping graphically. 


Solution Let S be the half-plane consisting of all complex points z with 
Re(z) > 2. We proceed as illustrated in Figure 2.1. Consider first the vertical 

x boundary line « = 2 of S shown in color in Figure 2.2(a). For any point z on 
this line we have z = 2 + iy where —oo < y < ow. The value of f(z) = iz 
at a point on this line is w = f(2 + iy) =i(2+ iy) = —y+ 2%. Because the 
set of points w = —y + 27, —co < y < ow, is the line v = 2 in the w-plane, 
we conclude that the vertical line x = 2 in the z-plane is mapped onto the 
horizontal line v = 2 in the w-plane by the mapping w = 7z. Therefore, the 
vertical line shown in color in Figure 2.2(a) is mapped onto the horizontal line 
shown in black in Figure 2.2(b) by this mapping. 


(a) The half-plane S 


i= %e Now consider the entire half-plane S shown in color in Figure 2.2(a). This 
set can be described by the two simultaneous inequalities, 


z>2 and -w<y<o. (1) 


In order to describe the image of S, we express the mapping w = iz in terms 
2i of its real and imaginary parts u and v; then we use the bounds given by (1) 
on x and y in the z-plane to determine bounds on u and v in the w-plane. By 
replacing the symbol z by «+¢y in w = iz, we obtain w = i(a+iy) = —y+ia, 
and so the real and imaginary parts of w = 22 are: 


uz, y)=—y and v(a, y)=a. (2) 
(b) The image, S’, of the half-plane $ 

From (1) and (2) we conclude that v > 2 and —oo < u < oo. That is, the 
Figure 2.2 The mapping w = iz set $’, the image of S under w = iz, consists of all points w = u + iv in the 
w-plane that satisfy the simultaneous inequalities v > 2 and —co < u < ow. 
In words, the set S’ consists of all points in the half-plane lying on or above 
the horizontal line v = 2. This image can also be described by the single 
inequality Im(w) > 2. In summary, the half-plane Re(z) > 2 shown in color 
in Figure 2.2(a) is mapped onto the half-plane Im(w) > 2 shown in gray in 


Figure 2.2(b) by the complex mapping w = iz. 


In Example 1, the set S and its image S$” are both half-planes. This might 
lead you to believe that there is some simple geometric way to visualize the 
image of other sets in the complex plane under the mapping w = iz. (We 
will see that this is the case in Section 2.3.) For most mappings, however, the 
relationship between S and S” is more complicated. This is illustrated in the 
following example. 
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EXAMPLE 2 Image of a Line under w = z? 


at 
i Cc Find the image of the vertical line x = 1 under the complex mapping w = z? 
| a and represent the mapping graphically. 
432-1 ,¥[ 7 23 4 
ol Solution Let C be the set of points on the vertical line « = 1 or, equivalently, 
3 the set of points z = 1+ 7y with —oo < y < co. We proceed as in Example 
=r 1. From (1) of Section 2.1, the real and imaginary parts of w = z? are 
(a) The vertical line Re(z) = 1 u(x, y) = 27 —y? and v(a, y) = 2zy, respectively. For a point z = 1+ iy in 
C, we have u(1, y) = 1—y? and v(1, y) = 2y. This implies that the image 
er of S is the set of points w = u+ iv satisfying the simultaneous equations: 
Y w=1-y? (3) 
Uv 
4 and v= 2y (4) 
for —oo < y < oo. Equations (3) and (4) are parametric equations in the real 
parameter y, and they define a curve in the w-plane. We can find a Cartesian 
4324 E a3 2" equation in u and v for this curve by eliminating the parameter y. In order 
to do so, we solve (4) for y and then substitute this expression into (3): 
4 2 


eat (Z)=1 . (5) 


Since y can take on any real value and since v = 2y, it follows that v can take 
on any real value in (5). Consequently, C’—the image of C—is a parabola 
in the w-plane with vertex at (1,0) and u-intercepts at (0, +2). See Figure 
2.3(b). In conclusion, we have shown that the vertical line « = 1 shown in 
color in Figure 2.3(a) is mapped onto the parabola u = 1 — tv" shown in black 


in Figure 2.3(b) by the complex mapping w = z?. 


(b) The image of C is the parabola 
u=1-}v?2 


Figure 2.3 The mapping w = z? 


In contrast to Figure 2.2, the representation of the mapping w = 2” shown 
in Figure 2.3 gives little insight into what the images of other sets in the plane 
might be. Mapping by this “complex squaring function” will be examined in 
greater detail in Section 2.4. 


Parametric Curves in the Complex Plane For a simple 


complex function, the manner in which the complex plane is mapped might 
be evident after analyzing the image of a single set, but for most functions an 
understanding of the mapping is obtained only after looking at the images of a 
variety of sets. We can often gain a good understanding of a complex mapping 
by analyzing the images of curves (one-dimensional subsets of the complex 
plane) and this process is facilitated by the use of parametric equations. 

If « = a(t) and y = y(t) are real-valued functions of a real variable 
t, then the set C of all points (x(t), y(t)), where a < t < 6b, is called a 
parametric curve. The equations 7 = x(t), y = y(t), and a <t < bare 
called parametric equations of C. A parametric curve can be regarded as 
lying in the complex plane by letting x and y represent the real and imaginary 
parts of a point in the complex plane. In other words, if « = x(t), y = y(t), 


62 
Ina parametrization [=> 
z(t) = a(t) + ty (4), 
t is a real variable. 
y 


Figure 2.4 Parametrization of a line 


These are not the only parametriza- 
tions possible! See Problem 28 in 
Exercises 2.2. 


iE 
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and a < t < b are parametric equations of a curve C' in the Cartesian plane, 
then the set of points 2(/) = x(t) + iy(t), a < t < b, is a description of the 
curve C' in the complex plane. For example, consider the parametric equations 
x =cost, y=sint, 0 <t < 27, of acurve C in the zy-plane (the curve C isa 
circle centered at (0,0) with radius 1). The set of points z(t) = cost + isint, 
0 <t < 2m, describes the curve C in the complex plane. If, say, t = 0, then 
the point (cos 0, sin 0) = (1,0) is on the curve C in the Cartesian plane, while 
the point z(0) = cos0 + isin0 = 1 represents this point on C in the complex 
plane. This discussion is summarized in the following definition. 


Definition 2.3 Parametric Curves in the Complex Plane 


If x(t) and y(t) are real-valued functions of a real variable t, then the 


set C’ consisting of all points z(t) = x(t) + iy(t), a < t < }, is called a 
parametric curve or a complex parametric curve. The complex- 
valued function of the real variable t, z(t) = x(t) + iy(t), is called a 
parametrization of C. 


Properties of curves in the Cartesian plane such as continuous, differen- 
tiable, smooth, simple, and closed can all be reformulated to be properties of 
curves in the complex plane. These properties are important in the study of 
the complex integral and will be discussed in Chapter 5. 

Two of the most elementary curves in the plane are lines and circles. 
Parametrizations of these curves in the complex plane can be derived from 
parametrizations in the Cartesian plane. It is also relatively easy to find these 
parametrizations directly by using the geometry of the complex plane. For 
example, suppose that we wish to find a parametrization of the line in the 
complex plane containing the points z) and z;. We know from Chapter 1 that 
Z, — Z represents the vector originating at zo and terminating at z,, shown 
in color in Figure 2.4. If z is any point on the line containing zp and 21, then 
inspection of Figure 2.4 indicates that the vector z— zp is a real multiple of the 
vector z; — 29. Therefore, if z is on the line containing zp and 21, then there is 
areal number t such that z—z9 = t (z1 — 20). Solving this equation for z gives 
a parametrization z(t) = 29 +t (21 — 20) = 2 (1—t) + zt, -~o <t< ™, for 
the line. Note that if we restrict the parameter t to the interval [0,1], then 
the points z(t) range from zp to 2, and this gives a parametrization of the 
line segment from zp to z;. On the other hand, if we restrict ¢t to the interval 
(0, co], then we obtain a parametrization of the ray emanating from zo and 
containing z;. These parametrizations are included in the following summary. 


Common Parametric Curves in the Complex Plane 


Line 
A parametrization of the line containing the points z and 2, 1s: 


2(t) = 2z(1—t)+2t, -oo<t<oo. (6) 
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Line Segment 
A parametrization of the line segment from zg to 2, is: 


2(t)=2(1—-t)+at, O<t<1. (7) 


Ray 
A parametrization of the ray emanating from zg and containing z, 1s: 


2(t) = ao(1—t)+2t, O<t<oo. (8) 


Circle 
A parametrization of the circle centered at zo with radius r is: 


2(t)= zo +r(cost+isint), O<t< 27. (9) 
In exponential notation, this parametrization is: 


2(t) = zo + re",0 <t < 2m. (m0) 


Restricting the values of the parameter ¢ in (9) or (10) gives parametriza- 
tions of circular arcs. For example, by setting zp = 0 and r = 1 in (10) we see 
that z(t) = e”’, 0 <t <7, is a parametrization of the semicircular arc of the 
unit circle centered at the origin and lying in the upper half-plane Im(z) > 0. 

Parametric curves are important in the study of complex mappings be- 
cause it is easy to determine a parametrization of the image of a para- 
metric curve. For example, if w = iz and C is the line x = 2 given by 
z(t) =2+it, —co <t < ow, then the value of f(z) = iz at a point on this line 
is w = f(2+it) = i(2+it) = —t+2i, and so the image of z(t) is w(t) = —t+2i. 
Put another way, w(t) = —t+2i, —oo < t < ov, is a parametrization of the 
image C’. Thus, C’ is the line v = 2. In summary, we have the following 
procedure for finding the images of curves under a complex mapping. 


Image of a Parametric Curve under a Complex 
Mapping 


If w = f(z) ts a complex mapping and if C is a curve parametrized by 
z(t), a<t<b, then 


w(t) = f(z), a<t<b (11) 


is a parametrization of the image, C’ of C under w = f(z). 


In some instances it is convenient to represent a complex mapping using 
a single copy of the complex plane. We do so by superimposing the w-plane 
on top of the z-plane, so that the real and imaginary axes in each copy of the 
plane coincide. Because such a figure simultaneously represents both the z- 
and the w-planes, we omit all labels x, y, u, and v from the axes. For example, 
if we plot the half-plane S and its image S’ from Example 1 in the same copy 
of the complex plane, then we see that the half-plane S’ may be obtained 
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by rotating the half-plane S through an angle 7/2 radians counter-clockwise 
about the origin. This observation about the mapping w = iz will be verified 
in Section 2.3. In the following examples, we represent a complex mapping 
using a single copy of the complex plane. 


| EXAMPLE 3 Image of a Parametric Curve 


Use (11) to find the image of the line segment from 1 to i under the complex 
mapping w = 7z. 


Solution Let C denote the line segment from 1 to i and let C’ denote its 
image under f(z) = iz. By identifying z = 1 and z = 7 in (7), we obtain a 
= Cc parametrization z(t) = 1—t+it,0<t<1, of C. The image C” is then given 
by (11): 


w(t) = f(z(t)) =1d -t+ i =-i(1-2)-t, O<t<1. 


Cc’ With the identifications z = —i and z; = —1 in (7), we see that w(t) is a 
parametrization of the line segment from —i to —1. Therefore, C’ is the line 
segment from —7 to —1. This mapping is depicted in Figure 2.5 using a single 
copy of the complex plane. In Figure 2.5, the line segment shown in color is 


Figure 2.5 The mapping w = iz mapped onto the line segment shown in black by w = iz. 


| EXAMPLE 4 Image of a Parametric Curve 


4i Find the image of the semicircle shown in color in Figure 2.6 under the complex 


mapping w = 2”. 


Q 


Solution Let C denote the semicircle shown in Figure 2.6 and let C’ denote 
its image under f(z) = z?. We proceed as in Example 3. By setting z) = 0 
4 and r = 2 in (10) we obtain the following parametrization of C: 


eija2e",. DX t< a, 


Thus, from (11) we have that: 


it)? i 
Figure 2.6 The mapping w = 2? w(t) = Fl2(i)) ~ (2¢ ‘) = de? 5 OSt<n, (12) 


is a parametrization of C’. If we set t = $s in (12), then we obtain a new 
parametrization of C’: 


W(s) = 4e, 0< 8 < 2Qr. (13) 


From (10) with zp = 0 and r = 4, we find that (13) defines a circle centered at 
0 with radius 4. Therefore, the image C’ is the circle |w| = 4. We represent 
this mapping in Figure 2.6 using a single copy of the plane. In this figure, the 


semicircle shown in color is mapped onto the circle shown in black by w = z?. 


Figure 2.7 The image of a circle under 
w= 22 +iz—Re(z) 
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LURcmejm@reaeleinsiacm Computer algebra systems such as Maple and 


Mathematica perform standard algebraic operations with complex numbers. 
This capability combined with the ability to graph a parametric curve makes 
these systems excellent tools for exploring properties of complex mappings. 
In Mathematica, for example, a complex function can be defined using the 
command 


f[z_] := an expression in z. 
A complex parametrization can be defined similarly using the command 
g[t_] := an expression in t. 


From (11), it follows that w[t_] := f[g[t]] is a parametrization of the image 
of the curve. This image can be graphed using the parametric plot command: 


ParametricPlot{ {Re[w/(t]], Im[w/t]]}, {t, a, b}] 


where a and b are the upper and lower bounds on t respectively. For example, 
Mathematica was used to produce Figure 2.7, which shows the image of the 
circle |z| = 2 under the complex mapping w = 2? + iz — Re(z). 


Remarks: Comparison with Real Analysis 


(2) In this section we introduced an important difference between real 
and complex analysis, namely, that we cannot graph a complex func- 
tion. Instead, we represent a complex function with two images: the 
first a subset S' in the complex plane, and the second, the image S’ 
of the set S under a complex mapping. A complete understanding of 
a complex mapping is obtained when we understand the relationship 
between any set S and its image S’. 


(77) Complex mappings are closely related to parametric curves in the 
plane. In later sections, we use this relationship to help visualize the 
notions of limit, continuity, and differentiability of complex func- 
tions. Parametric curves will also be of central importance in the 
study of complex integrals much as they were in the study of real 
line integrals. 


DDG DOU DS PAY Answers to selected odd-numbered problems begin on page ANS-7. 


In Problems 1-8, proceed as in Example 1 or Example 2 to find the image S’ of the 
set S under the given complex mapping w = f(z). 


1. f(z) = 2; S is the horizontal line y = 3 
2. f(z) = 2; Sis the line y= 2 
3. f(z) = 32; S is the half-plane Im(z) > 2 
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f(z) = 3z; S is the infinite vertical strip 2 < Re(z) < 3 

f(z) = (1+ %)z; S is the vertical line x = 2 

f(z) =(1+i)z; S is the line y = 2a +1 

f(z) =iz+4; S is the half-plane Im(z) < 1 

f(z) =iz+4; S is the infinite horizontal strip —1 < Im(z) < 2 


In Problems 9-14, find the image of the given line under the complex mapping 


2 


w= 2. 
9. y=l1 10. <=—3 
11. x=0 12. y=0 
13. y=2 14. y=-2x 


In Problems 15—20, (a) plot the parametric curve C’ given by z(t) and describe the 
curve in words, (b) find a parametrization of the image, C’, of C under the given 


complex mapping w = f(z), and (c) plot C’ and describe this curve in words. 


15. 
16. 
17. 
18. 
19. 
20. 


=142e, O<t< 20; f(z) =2z41-i 
=ite™, 0<t<m; f(z) =(z-7) 
=1, 02152; f@)=e" 

= 4e", 0O<t<a, f(z) =Re(z) 


In Problems 21-26, use parametrizations to find the image, C’, of the curve C under 


the given complex mapping w = f(z). 


21. 
22. 
23. 
24. 
25. 


26. 


f(z) = 2°; C is the positive imaginary axis 

f(z) = iz; C is the circle |z — 1] = 2 

f(z) =1/z; C is the circle |z| = 2 

f(z) =1/z; C is the line segment from 1 —i to 2 — 2% 

f(z) = 2+2; C is the semicircle of the unit circle |z| = 1 in the upper half-plane 
Im(z) > 0 

f(z) = 7; C is the ray emanating from the origin and containing 2 + /3i 


[Focus on Concepts| on Concepts 


27. 


In this problem we will find the image of the line x = 1 under the complex 
mapping w = 1/z. 


(a) The line x = 1 consists of all points z = 1+ iy where —oo < y < ov. Find 
the real and imaginary parts u and v of f(z) = 1/z at a point z = 1+ iy 
on this line. 


(b) Show that (u— 1)? + v* = } for the functions u and v from part (a). 
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28. 


29. 


30. 


31. 


32. 


33. 


(c) Based on part (b), describe the image of the line x = 1 under the complex 
mapping w = 1/z. 


(d) Is there a point on the line x = 1 that maps onto 0? Do you want to alter 
your description of the image in part (c)? 


Consider the parametrization z(t) = 7(1—t)+3t,0<t<1. 
(a) Describe in words this parametric curve. 


(b) What is the difference between the curve in part (a) and the curve defined 
by the parametrization z(t) = 3(1—t)+it,0<t<1? 


(c) What is the difference between the curve in part (a) and the curve defined 
by the parametrization z(t) = 2¢+i(1— 4t),0<t< 2? 


d) Find a parametrization of the line segment from 1 +2ito2+7 where the 
& 
paran eter satisfies O<t < 3. 


Use parametrizations to find the image of the circle |z — zo| = R under the 
mapping f(z) = iz—2. 
Consider the line y = mz + b in the complex plane. 


(a) Give a parametrization z(t) for the line. 


(b) Describe in words the image of the line under the complex mapping 
w=z+2- 32. 


(c) Describe in words the image of the line under the complex mapping w = 3z. 
The complex mapping w = Z is called reflection about the real axis. Explain 
why. 

Let f(z) = az where a is a complex constant and |a| = 1. 

(a) Show that |f(z1) — f(z2)| = |z1 — z2| for all complex numbers 21 and z2. 
(b) Give a geometric interpretation of the result in (a). 


(c) What does your answer to (b) tell you about the image of a circle under 
the complex mapping w = az. 


In this problem we investigate the effect of the mapping w = az, where a is a 
complex constant and a ¥ 0, on angles between rays emanating from the origin. 


a) Le e a ray in the complex plane emanating from the origin. Use 

Let C b y in th 1 1 ting f th igi U 
parametrizations to show that the image C’ of C under w = az is also a 
ray emanating from the origin. 


(b) Consider two rays C, and C2 emanating from the origin such that C1 
contains the point z1 = a1 +7b; and C2 contains the point z2 = a2+7ib2. In 
multivariable calculus, you saw that the angle 6 between the rays Ci and 
C2 (which is the same as the angle between the position vectors (a1, bi) 
and (a2, b2)) is given by: 


0 = arccos ( aia2 + bibs = arccos EE) . (14) 


Ja? + 0? Jaz + 2 2 |za| |z2| 


Let Ci and C4 be the images of Cy and C2 under w = az. Use part (a) and 
(14) to show that the angle between C, and C3 is the same as the angle 
between C; and C3. 
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34. Consider the complex mapping w = 2”. 


(a) Repeat Problem 33(a) for the mapping w = z?. 


(b) Experiment with different rays. What effect does the complex mapping 
w = 2” appear to have on angles between rays emanating from the origin? 


Computer Lab Assignments | Lab Assignments 


In Problems 35-38, use a CAS to (a) plot the image of the unit circle under the 
given complex mapping w = f(z), and (b) plot the image of the line segment from 
1 to 1+ under the given complex mapping w = f(z). 

35. f(z) =274+(14+a)2-3 36. f(z) =i2+2-i 

37. f(z) =z -z 38. f(z) = 22-2 


2.3. Linear Mappings 


Recall that a real function of the form f(a) = ax+b where a and b are any real constants is 
called a linear function. In keeping with the similarities between real and complex analysis, 
we define a complex linear function to be a function of the form /(z) = az + ) where 
a and b are any complex constants. Just as real linear functions are the easiest types of 
real functions to graph, complex linear functions are the easiest types of complex functions 
to visualize as mappings of the complex plane. In this section, we will show that every 
nonconstant complex linear mapping can be described as a composition of three basic types 
of motions: a translation, a rotation, and a magnification. 


9 tt yt+Yo) or T(z) 


(x, y) or z 


Figure 2.8 Translation 


Before looking at a general complex linear mapping f(z) = az +b, we investi- 
gate three special types of linear mappings called translations, rotations, and 
magnifications. Throughout this section we use the symbols T, R, and M to 
represent mapping by translation, rotation, and magnification, respectively. 


A complex linear function 
T(z)=z+b, b#0, (1) 


is called a translation. If we set z = x + iy and b= xp + typo in (1), then we 
obtain: 


T(z) = (a + ty) + (ao + iyo) = © + 20 + 2(y + Yo). 


Thus, the image of the point (a, y) under T is the point (+29, y+yo). From 
Figure 2.8 we see that if we plot (x, y) and (+209, y+yo) in the same copy 
of the complex plane, then the vector originating at (a, y) and terminating 
at (c+ 20, y+ yo) is (x0, yo); equivalently, if we plot z and T(z) in the same 
copy of the complex plane, then the vector originating at z and terminating at 
T(z) is (xo, yo). Therefore, the linear mapping T(z) = z+ can be visualized 
in a single copy of the complex plane as the process of translating the point 
z along the vector (%o, yo) to the point T(z). Since (2, yo) is the vector 
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representation of the complex number b, the mapping T(z) = z+ b is also 
called a translation by b. 


| EXAMPLE 1 Image of a Square under Translation 


Find the image S$” of the square S' with vertices at 1 +7, 2+ 7%, 2+ 22, and 
1+ 27 under the linear mapping T(z) = z+2-—i. 


Solution We will represent S' and S’ in the same copy of the complex plane. 
The mapping T is a translation, and so S’ can be determined as follows. 
Identifying b = xp + iyo = 2+ i(—1) in (1), we plot the vector (2, —1) 
originating at each point in S. See Figure 2.9. The set of terminal points of 
these vectors is S’, the image of S' under T. Inspection of Figure 2.9 indicates 
that S’ is a square with vertices at: 


Ti+) =04)+0-9=3 T(2+i) =(2+i)+ (2-1) =4 
T(2+2i) = (2+2i)+ (2-1) =44+i T(1+ 2%) = (14+ 21) + (2-1) =34i. 


Figure 2.9 Image of a square under Therefore, the square S shown in color in Figure 2.9 is mapped onto the square 


translation S’ shown in black by the translation T(z) = z+ 2-14. 


From our geometric description, it is clear that a translation does not 
change the shape or size of a figure in the complex plane. That is, the image 
of a line, circle, or triangle under a translation will also be a line, circle, or 
triangle, respectively. See Problems 23 and 24 in Exercises 2.3. A mapping 
with this property is sometimes called a rigid motion. 


A complex linear function 
Aigjo<az, lol = 1, (2) 


is called a rotation. Although it may seem that the requirement |a| = 1 is a 
major restriction in (2), it is not. Keep in mind that the constant a in (2) is 
a complex constant. If a is any nonzero complex number, then a = a/|a| is 
a complex number for which |a| = 1. So, for any nonzero complex number a, 


we have that R(z) = ial? is a rotation. 
a 


Consider the rotation R given by (2) and, for the moment, assume that 
Arg(a) > 0. Since |a| = 1 and Arg(a) > 0, we can write a in exponential form 
as a = e” with 0 < 6 < 7. If we set a = e” and z = re’® in (2), then by 
property (6) of Section 2.1 we obtain the following description of R: 


R(z) = ere’? = relOt?) | (3) 


From (3), we see that the modulus of R(z) is r, which is the same as the 
modulus of z. Therefore, if z and R(z) are plotted in the same copy of the 
complex plane, then both points lie on a circle centered at 0 with radius r. See 


70 


R@) 


Figure 2.10 Rotation 


Figure 2.11 Image of a line under 


rotation 


Chapter 2. Complex Functions and Mappings 


Figure 2.10. Observe also from (3) that an argument of R(z) is 0+ ¢, which 
is 9 radians greater than an argument of z. Therefore, the linear mapping 
R(z) = az can be visualized in a single copy of the complex plane as the 
process of rotating the point z counterclockwise through an angle of @ radians 
about the origin to the point R(z). See Figure 2.10. Clearly, this increases 
the argument of z by @ radians but does not change its modulus. In a similar 
manner, if Arg(a) < 0, then the linear mapping R(z) = az can be visualized in 
a single copy of the complex plane as the process of rotating points clockwise 
through an angle of 6 radians about the origin. For this reason the angle 
6 =Arg(a) is called an angle of rotation of R. 


EXAMPLE 2 Image of a Line under Rotation 


Find the image of the real axis y = 0 under the linear mapping 


R(z) = (v24+ 1 2i) 2. 


Solution Let C denote the real axis y = 0 and let C’ denote the image of C 
under R. Since [V2 + sVv2i = 1, the complex mapping R(z) is a rotation. 
In order to determine the angle of rotation, we write the complex number 
av2+ 4 2% in exponential form 5V2 + s 2i = e'7/4, If z and R(z) are 
plotted in the same copy of the complex plane, then the point z is rotated 
counterclockwise through 7/4 radians about the origin to the point R(z). The 
image C” is, therefore, the line v = u, which contains the origin and makes an 
angle of 7/4 radians with the real axis. This mapping is depicted in a single 
copy of the complex plane in Figure 2.11 where the real axis shown in color 


is mapped onto the line shown in black by R(z) = (5v2 + $V2i) Zz. 


As with translations, rotations will not change the shape or size of a figure 
in the complex plane. Thus, the image of a line, circle, or triangle under a 
rotation will also be a line, circle, or triangle, respectively. 


\WEvetititlestatessty The final type of special linear function we consider 


is magnification. A complex linear function 
M(z) =az, a>0, (4) 


is called a magnification. Recall from the Remarks at the end of Section 1.1 
that since there is no concept of order in the complex number system, it is 
implicit in the inequality a > 0 that the symbol a represents a real number. 
Therefore, if z= «+ iy, then M(z) = az = ax + iay, and so the image of the 
point (x, y) is the point (ax, ay). Using the exponential form z = re’? of z, 
we can also express the function in (4) as: 


M(z) =a (re) = (ar) e*. (5) 
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The product ar in (5) is a real number since both a and r are real numbers, 
and from this it follows that the magnitude of M(z) is ar. Assume that 
a> 1. Then from (5) we have that the complex points z and M(z) have 
the same argument 0 but different moduli r ¥ ar. If we plot both z and 
M(z) in the same copy of the complex plane, then M(z) is the unique point 
on the ray emanating from 0 and containing z whose distance from 0 is ar. 
Since a > 1, M(z) is a times farther from the origin than z. Thus, the linear 
mapping M(z) = az can be visualized in a single copy of the complex plane 
as the process of magnifying the modulus of the point z by a factor of a to 
obtain the point M(z). See Figure 2.12. The real number a is called the 
magnification factor of M. If 0 <a < 1, then the point M(z) is a times 
Figure 2.12 Magnification closer to the origin than the point z. This special case of a magnification is 
called a contraction. 


| EXAMPLE 3 Image of a Circle under Magnification 


Cc’ Find the image of the circle C given by |z| = 2 under the linear mapping 
M(z) = 382. 


Solution Since M is a magnification with magnification factor of 3, each point 
6 on the circle |z| = 2 will be mapped onto a point with the same argument 
but with modulus magnified by 3. Thus, each point in the image will have 
modulus 3-2 = 6. The image points can have any argument since the points 
z in the circle |z| = 2 can have any argument. Therefore, the image C’ is the 
circle |w| = 6 that is centered at the origin and has radius 6. In Figure 2.13 
Figure 2.13 Image of a circle under we illustrate this mapping in a single copy of the complex plane. Under the 
qiseutticatian mapping M(z) = 3z, the circle C shown in color in Figure 2.13 is mapped 


onto the circle C’ shown in black in Figure 2.13. 


Although a magnification mapping will change the size of a figure in the 
complex plane, it will not change its basic shape. For example, the image of 
a triangle S under a magnification M(z) = az is also a triangle S’. Since the 
lengths of the sides of S’ are all a times longer than the lengths of the sides 
S, it follows that S and S’ are similar triangles. 


|ibetervem\UR-yejeyneteem §=©We are now ready to show that a general linear 


mapping f(z) = az + 0 is a composition of a rotation, a magnification, and 
a translation. Recall that if f and g are two functions, then the composition 
of f and g is the function f o g defined by f o g(z) = f (g(z)). The value 
w = fo g(z) is determined by first evaluating the function g at z, then 
evaluating the function f at g(z). In a similar manner, the image, $”, of set 
S under a composition w = f o g(z) is determined by first finding the image, 
S’, of S under g, and then finding the image 8” of S’ under f. 

Now suppose that f(z) = az+ is a complex linear function. We assume 
that a 4 0; otherwise, our mapping would be the constant map f(z) = 8, 
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which maps every point in the complex plane onto the single point b. Observe 
that we can express f as: 


f(z) =az+b=|al (<:) eh (6) 


|a| 


Now, step by step, we investigate what happens to a point z under the 
composition in (6). First zo is multiplied by the complex number a/ |a|. Since 


a a a 
ial = ‘i = 1, the complex mapping w = lal is a rotation that rotates the 
a a a 
a 
point zo through an angle of 6 = Arg lal radians about the origin. The 
a 


angle of rotation can also be written as 6 = Arg(a) since 1/|a| is a real number. 
Let z, be the image of z under this rotation by Arg(a). The next step in 
(6) is to multiply z; by |a|. Because |a| > 0 is a real number, the complex 
mapping w = |a|z is a magnification with a magnification factor |a|. Now let 
za be the image of z1 under magnification by |a|. The last step in our linear 
mapping in (6) is to add b to z2. The complex mapping w = z + b translates 
z2 by b onto the point wo = f(z). We now summarize this description of a 
linear mapping. 


Image of a Point under a Linear Mapping 


Let f(z) = az+b be a linear mapping with a £0 and let zp be a point in 
the complex plane. If the point wo = f(z) is plotted in the same copy of 
the complex plane as zo, then wo is the point obtained by 


(i) rotating zo through an angle of Arg(a) about the origin, 
(ii) magnifying the result by |a|, and 
(iii) translating the result by b. 


This description of the image of a point zp under a linear mapping also 
describes the image of any set of points S. In particular, the image, S$’, of a 
set S under f(z) = az +) is the set of points obtained by rotating S through 
Arg(a), magnifying by |a|, and then translating by b. 

From (6) we see that every nonconstant complex linear mapping is a 
composition of at most one rotation, one magnification, and one translation. 
We emphasize the phrase “at most” in order to stress the fact that one or 
more of the maps involved may be the identity mapping f(z) = z (which 
maps every complex number onto itself). For instance, the linear mapping 
f(z) = 32+ 7% involves a magnification by 3 and a translation by i, but no 
rotation. Put another way, the mapping f(z) = 3z +7 is the composition of 
rotation through 0 radians, magnification by 3, and translation by 7. It is 
also evident from (6) that if a 4 0 is a complex number, R(z) is a rotation 
through Arg(a), M(z) is a magnification by |a|, and T(z) is a translation by 
b, then the composition f(z) = To Mo R(z) = T(M(R(z))) is a complex 
linear function. In addition, since the composition of any finite number of 
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linear functions is again a linear function, it follows that the composition of 
finitely many rotations, magnifications, and translations is a linear mapping. 

We have seen that translations, rotations, and magnifications all preserve 
the basic shape of a figure in the complex plane. A linear mapping, therefore, 
will also preserve the basic shape of a figure in the complex plane. This 
observation is an important property of complex linear mappings and is worth 
repeating. 


A complex linear mapping w = az +b with a £0 can distort the size of a 
figure in the complex plane, but it cannot alter the basic shape of the figure. 


When describing a linear function as a composition of a rotation, a mag- 
Note: The order in which you per- pg nification, and a translation, keep in mind that the order of composition is 
form the steps in a linear mapping important. In order to see that this is so, consider the mapping f(z) = 2z+4, 
ee cal which magnifies by 2, then translates by 7; so, 0 maps onto i under f. If we 
reverse the order of composition—that is, if we translate by 2, then magnify by 
2—the effect is 0 maps onto 27. Therefore, reversing the order of composition 
can give a different mapping. In some special cases, however, changing the 
order of composition does not change the mapping. See Problems 27 and 28 
in Exercises 2.3. 
A complex linear mapping can always be represented as a composition 
in more than one way. The complex mapping f(z) = 2z +i, for example, 
can also be expressed as f(z) = 2(z +%/2). Therefore, a magnification by 2 
followed by translation by i is the same mapping as translation by 7/2 followed 
by magnification by 2. 


| EXAMPLE 4 Image of a Rectangle under a Linear Mapping 


Find the image of the rectangle with vertices —1+7, 1+72, 1+ 27, and —14 22 
under the linear mapping f(z) = 4¢z + 2 + 3i. 


Solution Let S be the rectangle with the given vertices and let S’ denote the 
image of S under f. We will plot S and S’ in the same copy of the complex 
plane. Because f is a linear mapping, our foregoing discussion implies that 
S’ has the same shape as S. That is, S’ is also a rectangle. Thus, in order 
to determine 5”, we need only find its vertices, which are the images of the 
vertices of S under f: 


f(-140 =-2-i flt+i) =-24+7 
f(l + 2%) =-6+ 7% f(—1 + 2%) = -6 -i. 


Therefore, S” is the rectangle with vertices —2—7, —2+7i, —6+7i, and —6—7. 


The linear mapping f(z) = 4iz + 2+ 37 in Example 4 can also be viewed 
as a composition of a rotation, a magnification, and a translation. Because 
Arg(4i) = 1/2 and |42| = 4, f acts by rotating through an angle of 7/2 radians 
about the origin, magnifying by 4, then translating by 2 + 37. This sequence 
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(a) Rotation by 1/2 (b) Magnification by 4 (c) Translation by 2 + 3i 


Figure 2.14 Linear mapping of a rectangle 


of mappings is depicted in Figure 2.14. In Figure 2.14(a), the rectangle S 
shown in color is rotated through 7/2 onto the rectangle S$; shown in black; 
in Figure 2.14(b), the rectangle S$; shown in color is magnified by 4 onto the 
rectangle Sj shown in black; and finally, in Figure 2.14(c), the rectangle S$, 
shown in color is translated by 2 + 37 onto the rectangle $’ shown in black. 


EXAMPLE 5 A Linear Mapping of a Triangle 


Find a complex linear function that maps the equilateral triangle with vertices 
1+i%,2+%, and 3 + (1 + 5V3) zi onto the equilateral triangle with vertices i, 
J/3 + 2i, and 3%. 


Solution Let S; denote the triangle with vertices 1+ 7%, 2+ 7%, and 3 + 
(1 + $v3) i shown in color in Figure 2.15(a), and let S’ represent the triangle 
with vertices i, 3i, and V3 + 2i shown in black in Figure 2.15(d). There are 
many ways to find a linear mapping that maps S$; onto S$’. One approach is 
the following: We first translate 5S; to have one of its vertices at the origin. 
If we decide that the vertex 1+ 7% should be mapped onto 0, then this is 
accomplished by the translation T;(z) = z— (1+ i). Let S2 be the image 
of S; under 7;. Then 5S» is the triangle with vertices 0, 1, and 4 + 5V3i 
shown in black in Figure 2.15(a). From Figure 2.15(a), we see that the angle 
between the imaginary axis and the edge of Sj containing the vertices 0 and 
4 + 473i is 7/6. Thus, a rotation through an angle of 7/6 radians counter- 
clockwise about the origin will map S2 onto a triangle with two vertices on the 
imaginary axis. This rotation is given by R(z) = (e’/°) z = (4V3 + $4) z, 
and the image of Sj under R is the triangle $3 with vertices at 0, sv3 + si, 
and 7 shown in black in Figure 2.15(b). It is easy to verify that each side of 
the triangle S3 has length 1. Because each side of the desired triangle S’ has 
length 2, we next magnify $3 by a factor of 2. The magnification M(z) = 2z 
maps the triangle $3 shown in color in Figure 2.15(c) onto the triangle Sy 
with vertices 0, V3 +i, and 2i shown in black in Figure 2.15(c). Finally, we 
translate S, by i using the mapping 7T>(z) = z+7. This translation maps the 
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triangle S, shown in color in Figure 2.15(d) onto the triangle S’ with vertices 
i, V/3+ 2i, and 37 shown in black in Figure 2.15(d). 


3 
2 hi 
ax 
1 i 
ae oe 


(a) Translation by -1-i (b) ae. by 1/6 


1 
(c) Magnification by 2 (d) Translation by i 


Figure 2.15 Linear mapping of a triangle 


In conclusion, we have found that the linear mapping: 
f(z) =Tho Mo RoTi(z) = (v3+4) +1-V9 4/34 


maps the triangle $; onto the triangle S’. 


Comparison with Real Analysis 


The study of differential calculus is based on the principle that real linear 
functions are the easiest types of functions to understand (whether it be 
from an algebraic, numerical, or graphical point of view). One of the many 
uses of the derivative of a real function f is to find a linear function that 
approximates f in a neighborhood of a point x9. In particular, recall that 
the linear approximation of a differentiable function f(x) at « = po is the 
linear function I(#) = f(x) + f’(xo)(a— xo). Geometrically, the graph of 
the linear approximation is the tangent line to the graph of f at the point 
(20, f(Z0)). Although there is no analogous geometric interpretation for 
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complex functions, the linear approximation formula can be applied to 
complex functions once an appropriate definition of the derivative of com- 
plex function is given. That is, if f’(zo) represents the derivative of the 
complex function f(z) at zo (this will be defined in Section 3.1), then 
the linear approximation of f in a neighborhood of zg is the com- 
plex linear function I(z) = f(zo) + f’(zo) (2 — 2). Geometrically, 1(z) 
approximates how f(z) acts as a complex mapping near the point Zp. 
For example, we will see in Chapter 3 that the derivative of the complex 
function f(z) = 2? is f’(z) = 2z. Therefore, the linear approximation of 
f(z) = 2 at 2 = 1+iisU(z) = 2i+2(1+7i)(z-1—1) = 2v2 (e'"/4z) 21. 
Near the point z = 1+ the mapping w = 2? can be approximated by 
the linear mapping consisting of the composition of rotation through 7/4, 
magnification by 2\/2, and translation by —2i. In Figure 2.16, the image 
of the circle |z — (1+ 7)| = 0.25 under f is shown in black and the image 
of this circle under / is shown in color. Figure 2.16 indicates that, for 
the circle |z—(1+7)| = 0.25, the linear mapping / gives an accurate 
approximation of the complex mapping f. 


DRG DOU De A783 Answers to selected odd-numbered problems begin on page ANS-9. 


In Problems 1-6, (a) find the image of the closed disk |z| < 1 under the given linear 
mapping w = f(z) and (b) represent the linear mapping with a sequence of plots as 
in Figure 2.14. 


1. f(z) =2z4+3i 2. f(z) =z+2-i 
3. f(z) = 3iz 4. f(z) =(1+i)z 
5. f(z) =2z-% 6. f(z) = (6- 5i)z+1- 31 


In Problems 7-12, (a) find the image of the triangle with vertices 0, 1, and 7 under 
the given linear mapping w = f(z) and (b) represent the linear mapping with a 
sequence of plots as in Figure 2.14. 


7. f(z) =24+2i 8. f(z) =32 
9. f(z) =e'"/*z 10. f(z) = fiz 
11. f(z) =—-3z+i 12. f(z)=(1-i)z-2 


In Problems 13-16, express the given linear mapping w = f(z) as a composition of 
a rotation, magnification, and a translation as in (6). Then describe the action of 
the linear mapping in words. 


13. f(z) =3iz +4 14. f(z) = 5 (cos 2 +isin 2) 2 + Ti 
15. f(z) = - 52 +1- 73% 16. f(z) = (3—2i)z+12 
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In Problems 17-20, find a linear mapping that maps the set S onto the set S’. (Note: 
there may be more than one linear mapping that works.) 


17. S is the triangle with vertices 0, 1, and 1+7%. S’ is the triangle with vertices 
21, 3i, and —1 +4 31. 


18. S is the circle |z — 1] = 3. S” is the circle |z +i] =5. 
19. S is the imaginary axis. 9’ is the line through the points i and 1 + 2i. 


20. S is the square with vertices 1+ 7%, -1+%, —1—i, and 1—i. 9’ is the square 
with vertices 1, 2+ 72, 1 + 27, and 7. 


21. Find two different linear mappings that map the square with vertices 0, 1, 1+2, 
and 7, onto the square with vertices —1, 0, 1, -1 +7. 


22. Find two different linear mappings that map the half-plane Re(z) > 2 onto the 
half-plane Re(z) > 5. 


23. Consider the line segment parametrized by z(t) = zo (1—t)+ 2t,O<t< 1. 


(a) Find a parametrization of the image of the line segment under the trans- 
lation T(z) = z+ 6, b #0. Describe the image in words. 


(b) Find a parametrization of the image of the line segment under the rotation 
R(z) = az, |a| = 1. Describe the image in words. 


(c) Find a parametrization of the image of the line segment under the magni- 
fication M(z) = az, a > 0. Describe the image in words. 


24. Repeat Problem 23 for the circle parametrized by z(t) = zo + re”. 


25. In parts (a)—(c), express the given composition of mappings as a linear mapping 
f(z) =az+b. 


(a) rotation through 7/4, magnification by 2, and translation by 1 + i 
(b) magnification by 2, translation by 2, and rotation through 1/4 
(c) translation by 4/2, rotation through 7/4, then magnification by 2 
(d) What do you notice about the linear mappings in (a)—(c)? 


26. Consider the complex linear mapping f(z) = (1 + V3i) z+i%. In each part, 
find the translation T, rotation R, and magnification M that satisfy the given 
equation and then describe the mapping f in words using T, R, and M. 


(a) f(z) =o Mo R(2). (b) f(z) = MoTo R(2) 
(c) f(z) = Ro MoT(z) 


Focus on Concepts 


27. (a) Prove that the composition of two translations T,(z) = z+b1, b1 #0, and 
To(z) = z+ be, b2 # O, is a translation. Does the order of composition 
matter? 


(b) Prove that the composition of two rotations Ri(z) = a1z, |ai| = 1, and 
R2(z) = azz, |a2| = 1, is a rotation. Does the order of composition matter? 


(c) Prove that the composition of two magnifications Mi(z) = aiz, a1 > 0, and 
Mo(z) = azz, a2 > 0, is a magnification. Does the order of composition 
matter? 
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28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


We say that two mappings f and g commute if f o g(z) = go f(z) for all z. 
That is, two mappings commute if the order in which you compose them does 
not change the mapping. 


(a) Can a translation and a nonidentity rotation commute? 
(b) Can a translation and a nonidentity magnification commute? 
(c) Can a nonidentity rotation and a nonidentity magnification commute? 


Recall from Problem 31 in Exercises 2.2 that the mapping f(z) = Z is called 
reflection about the real axis. Using the mapping f(z) = Z and any linear 
mappings, find a mapping g that reflects about the imaginary axis. That is, 
express the mapping g(x + iy) = —a + ty in terms of complex constants and 
the symbol Z. 


Describe how to obtain the image wo = f(zo) of a point zo under the mapping 
f(z) = az +b in terms of translation, rotation, magnification, and reflection. 


What can you say about a linear mapping f if you know that |z| = | f(z)| for 
all complex numbers z? 


What can you say about a linear mapping f if you know that |z2—- | = 
|f (22) — f(z1)| for all complex numbers z1 and z2? 


A fixed point of a mapping f is a point zo with the property that f(zo) = Zo. 


(a) Does the linear mapping f(z) = az + b have a fixed point zo? If so, then 
find zo in terms of a and b. 


(b) Give an example of a complex linear mapping that has no fixed points. 


(c) Give an example of a complex linear mapping that has more than one fixed 
point. [Hint: There is only one such mapping.] 


(d) Prove that if zo is a fixed point of the complex linear mapping f and if f 
commutes with the complex linear mapping g (see Problem 28), then Zo is 
a fixed point of g. 


Suppose that the set S is mapped onto the set S$’ by the complex mapping 
w = f(z). If S =S" as subsets of a single copy of the complex plane, then S$ is 
said to be invariant under f. Notice that it is not necessary that f(z) = z for 
all z in S in order for S to be invariant under f/f. 


(a) Explain why the closed disk |z| < 2 is invariant under the rotation 
R(z) = az, ja] =1. 

(b) What are the invariant sets under a translation T(z) = z+, b #0? 

(c) What are the invariant sets under a magnification M(z) = az, a > 0? 


In this problem we show that a linear mapping is uniquely determined by the 
images of two points. 


(a) Let f(z) = az +b be a complex linear function with a # 0 and assume 
that f(z1) = wi and f(z2) = we. Find two formulas that express a and b 
in terms of 21, z2, wi, and wz. Explain why these formulas imply that the 
linear mapping f is uniquely determined by the images of two points. 


(b) Show that a linear function is not uniquely determined by the image of 
one point. That is, find two different linear functions f; and fz that agree 
at one point. 
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36. (a) Given two complex numbers wi and wz, does there always exist a linear 
function that maps 0 onto w; and 1 onto w2? Explain. 


(b) Given three complex numbers wi, w2, and w3, does there always exist a 
linear function that maps 0 onto wi, 1 onto we, and i onto w3? Explain. 


37. In Chapter 1 we used the triangle inequality to obtain bounds on the modulus 
of certain expressions in z given a bound on the modulus of z. For example, 
if |z| < 1, then |(1+%)z—2| < 24 V2. Justify this inequality using linear 
mappings, then determine a value of z for which |(1 + %)z — 2| =2+ V2. 


38. Consider the complex function f(z) = 2iz-+ 1 -—i defined on the closed annulus 
2<|2| <3. 


(a) Use linear mappings to determine upper and lower bounds on the mod- 
ulus of f(z) = 2iz +1-—i. That is, find real values L and M such that 
L<|2iz+1—-i)<M. 


(b) Find values of z that attain your bounds in (a). In other words, find zo 
and z; such that |f(zo)| = L and |f(z1)| = M. 


(c) Determine upper and lower bounds on the modulus of the function 
g(z) = 1/f(¢) defined on the closed annulus 2 < |z| < 3. 


Projects a 


39. Groups of Isometries In this project we investigate the relationship be- 
tween complex analysis and the Euclidean geometry of the Cartesian plane. 
The Euclidean distance between two points (11, y1) and (#2, y2) in the 
Cartiesian plane is 


d ((1,y1), (w2,y2)) = yf (w2 — 21)? + (2 — 91)? 


Of course, if we consider the complex representations z1 = 21 + iyi and z2 = 
x2 + iy2 of these points, then the Euclidean distance is given by the modulus 


d(z1, z2) = |z2— 21]. 


A function from the plane to the plane that preserves the Euclidean distance 
between every pair of points is called a Euclidean isometry of the plane. In 
particular, a complex mapping w = f(z) is a Euclidean isometry of the plane if 


|z2 — z1| = |f(z1) — f(z2)| 
for every pair of complex numbers 2; and 22. 


(a) Prove that every linear mapping of the form f(z) = az + b where |a| = 1 
is a Euclidean isometry. 


A group is an algebraic structure that occurs in many areas of mathemat- 
ics. A group is a set G together with a special type of function « from G x G to 
G. The function « is called a binary operation on G, and it is customary to 
use the notation a * b instead of *«(a,b) to represent a value of *. We now give 
the formal definition of a group. A group is a set G together with a binary 
operation * on G, which satisfies the following three properties: 


(2) for all elements a, b, and c in G, a (b* c) = (a*b) ¥¢, 
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(i) there exists an element e in G such that ex a =a*e =a for all a in 
G, and 


(ii7) for every element a in G there exists an element b in G such that 
a*xb=bxa=e. (The element b is called the inverse of a in G and is denoted 
by a~*.) 


Let Isom;(E) denote the set of all complex functions of the form f(z) = az+b 
where |a| = 1. In the remaining part of this project you are asked to demon- 
strate that Isom,(E) is a group with composition of functions as the binary 
operation. This group is called the group of orientation-preserving isome- 
tries of the Euclidean plane. 


(b) Prove that composition of functions is a binary operation on Isom+(E). 
That is, prove that if f and g are functions in Isom+(E), then the function 
fog defined by f o g(z) = f (g(z)) is an element in Isom+(E). 

(c) Prove that the set Isom;(E) with composition satisfies property (i) of a 
group. 

(d) Prove that the set Isom,(E) with composition satisfies property (7) of a 
group. That is, show that there exists a function e in Isom,(E) such that 
eof =foe=f for all functions f in Isom+(E). 

(e) Prove that the set Isom;(E) with composition satisfies property (diz) of a 
group. 


2.4 Special Power Functions 


A complex polynomial function is a function of the form p(z) = anz”+an—12"- 1 +...+ 
a,2-+ ag where n is a positive integer and ap, Gn—1, .-. , 41, Ao are complex constants. In 
general, a complex polynomial mapping can be quite complicated, but in many special cases 
the action of the mapping is easily understood. For instance, the complex linear functions 
studied in Section 2.3 are complex polynomials of degree n = 1. 

In this section we study complex polynomials of the form f(z) = 2", n > 2. Unlike 
the linear mappings studied in the previous section, the mappings w = z”, n > 2, do not 
preserve the basic shape of every figure in the complex plane. Associated to the function 
2”, n > 2, we also have the principal nth root function z!/". The principal nth root 
functions are inverse functions of the functions z” defined on a sufficiently restricted domain. 
Consequently, complex mappings associated to 2” and z!/” are closely related. 


Recall that a real function of the form f(x) = 2%, 


where a is a real constant, is called a power function. We form a complex 
power function by allowing the input or the exponent a to be a complex 
number. In other words, a complex power function is a function of the 
form f(z) = z* where a is a complex constant. If a is an integer, then the 
power function z® can be evaluated using the algebraic operations on complex 


. We 
Zz 


Z 22 
can also use the formulas for taking roots of complex numbers from Section 
1.4 to define power functions with fractional exponents of the form 1/n. For 


numbers from Chapter 1. For example, z?7 = z-z and z~? = 


Figure 2.17 The mapping w = z 


2 
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instance, we can define z'/* to be the function that gives the principal fourth 


root of z. In this section we will restrict our attention to special complex 
power functions of the form z” and z!/" where n > 2 and n is an integer. 
More complicated complex power functions such as z¥?~‘ will be discussed in 
Section 4.2 following the introduction of the complex logarithmic function. 


2.4.1 The Power Function z” 


In this subsection we consider complex power functions of the form 2”, n > 2. 
It is natural to begin our investigation with the simplest of these functions, 


the complex squaring function z?. 


AU NewataneMee Values of the complex power function f(z) = 2? 


are easily found using complex multiplication. For example, at z = 2 — i, 
we have f(2 — i) = (2—i)? = (2—1)-(2—i) = 3 — 4%. Understanding the 
complex mapping w = z?, however, requires a little more work. We begin by 
expressing this mapping in exponential notation by replacing the symbol z 
with re’®: 


w=2= (rei?)* = 729. (1) 


From (1) we see that the modulus r? of the point w is the square of the 
modulus r of the point z, and that the argument 20 of w is twice the argument 
@ of z. If we plot both z and w in the same copy of the complex plane, then 
w is obtained by magnifying z by a factor of r and then by rotating the 
result through the angle @ about the origin. In Figure 2.17 we depict the 
relationship between z and w = z? when r > 1 and @>0. If0 <r <1, then 
z is contracted by a factor of r, and if 6 < 0, then the rotation is clockwise. 

It is important to note that the magnification or contraction factor and 
the rotation angle associated to w = f(z) = 2? depend on where the point z is 
located in the complex plane. For example, since f(2) = 4 and f(i/2) = -i, 
the point z = 2 is magnified by 2 but not rotated, whereas the point z = i/2 
is contracted by $ and rotated through 7/4. In general, the squaring function 
z? does not magnify the modulus of points on the unit circle |z| = 1 and it 
does not rotate points on the positive real axis. 

The description of the mapping w = z? in terms of a magnification and 
rotation can be used to visualize the image of some special sets. For example, 
consider a ray emanating from the origin and making an angle of ¢ with the 
positive real axis. All points on this ray have an argument of ¢ and so the 
images of these points under w = z? have an argument of 2¢. Thus, the 
images lie on a ray emanating from the origin and making an angle of 2¢ 
with the positive real axis. Moreover, since the modulus p of a point on the 
ray can be any value in the interval [0,00], the modulus p? of a point in the 
image can also be any value in the interval [0,co]. This implies that a ray 
emanating from the origin making an angle of ¢ with the positive real axis is 
mapped onto a ray emanating from the origin making an angle 2¢ with the 
positive real axis by w = z”. We can also justify this mapping property of z? 
by parametrizing the ray and its image using (8) and (11) of Section 2.2. 
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(a) The circular arc of |z|=2 
w =z 


Y 


Uv 


(b) The image of C 


Figure 2.18 The mapping w = 2? 


(a) The half-plane Re(z) > 0 


waz 
Y 


0 


(b) Image of the half-plane in (a) 


Figure 2.19 The mapping w = z? 
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EXAMPLE 1 Image of a Circular Arc under w = z? 


Find the image of the circular arc defined by |z| = 2, 0 < arg(z) < 7/2, under 


the mapping w = z?. 


Solution Let C be the circular arc defined by |z| = 2, 
0 < arg(z) < m/2, shown in color in Figure 2.18(a), and let C’ denote the 
image of C under w = z?. Since each point in C has modulus 2 and since 
the mapping w = z? squares the modulus of a point, it follows that each 
point in C’ has modulus 2? = 4. This implies that the image C’ must be 
contained in the circle |w| = 4 centered at the origin with radius 4. Since 
the arguments of the points in C take on every value in the interval [0, 7/2] 
and since the mapping w = 2? doubles the argument of a point, it follows 
that the points in C’ have arguments that take on every value in the inter- 
val [2-0,2-(7/2)] = [0,7]. That is, the set C’ is the semicircle defined by 
|w| = 4, 0 < arg(w) < 7. In conclusion, we have shown that w = z? maps the 
circular arc C shown in color in Figure 2.18(a) onto the semicircle C’ shown 
in black in Figure 2.18(b) 


ea i ee! 


An alternative way to find the image in Example 1 would be to use 
a parametrization. From (10) of Section 2.2, the circular arc C' can be 
parametrized by z(t) = 2e’’, 0 < t < 2/2, and by (11) of Section 2.2 its image 
C’ is given by w(t) = f(z(t)) = 4e"*’, 0 < t < 1/2. By replacing the parameter 
t in w(t) with the new parameter s = 2t, we obtain W(s) = 4e"%, 0 < s <7, 
which is a parametrization of the semicircle |w| = 4, 0 < arg(w) < a. 


In a similar manner, we find that the squaring function maps a semi- 
circle |z|} = r, —1/2 < arg(z) < 7/2, onto a circle |w| = r?. Since the 
right half-plane Re(z) > 0 consists of the collection of semicircles |z| = r, 
—m/2 < arg(z) < 7/2, where r takes on every value in the interval [0, 00), 
we have that the image of this half-plane consists of the collection of circles 
|w| = r? where r takes on any value in [0,00). This implies that w = 2? maps 
the right half-plane Re(z) > 0 onto the entire complex plane. We illustrate 
this property in Figure 2.19. Observe that the images of the two semicircles 
centered at 0 shown in color in Figure 2.19(a) are the two circles shown in 
black in Figure 2.19(b). Since w = z? squares the modulus of a point, the 
semicircle with smaller radius in Figure 2.19(a) is mapped onto the circle with 
smaller radius in Figure 2.19(b), while the semicircle with larger radius in Fig- 
ure 2.19(a) is mapped onto the circle with larger radius in Figure 2.19(b). We 
also see in Figure 2.19 that the ray emanating from the origin and containing 
the point 7 and the ray emanating from the origin and containing the point 
—i are both mapped onto the nonpositive real axis. Thus, the imaginary axis 
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shown in color in Figure 2.19(a) is mapped onto the set consisting of the point 
w = 0 together with the negative u-axis shown in black in Figure 2.19(b). 

In order to gain a deeper understanding of the mapping w = z? we next 
consider the images of vertical and horizontal lines in the complex plane. 


| EXAMPLE 2. Image of a Vertical Line under w = z? 
2 


Find the image of the vertical line x = k under the mapping w = 2°. 


Solution In this example it is convenient to work with real and imaginary 
parts of w = 2? which, from (1) in Section 2.1, are u(x, y) = 2? — y? and 
u(x, y) = 2xy, respectively. Since the vertical line x = k consists of the points 
z=k-+ity, —co < y < o, it follows that the image of this line consists of all 
points w = u+iv where 


u=k*-y’, v=2ky, -co<y<oo. (2) 


3 If k £ 0, then we can eliminate the variable y from (2) by solving the second 
equation for y = v/2k and then substituting this expression into the remaining 


7 equation and inequality. After simplification, this yields: 
1 a. 
; u=k*—-—~, -cw<u<oo. (3) 
3; 2) yy 2) 3) Ak? 
= Thus, the image of the line x = k (with k # 0) under w = 2? is the set of 
2 points in the w-plane satisfying (3). That is, the image is a parabola that 
opens in the direction of the negative u-axis, has its vertex at (k?,0), and has 
3 


v-intercepts at (0,+2k?). Notice that the image given by (3) is unchanged if 
k is replaced by —k. This implies that if k 4 0, then the pair of vertical lines 
; a = k and x = —k are both mapped onto the parabola u = k? — v?/ (4k) by 
W=Z w= 2. 

The action of the mapping w = 2? on vertical lines is depicted in Figure 
2.20. The vertical lines « = k, k # 0, shown in color in Figure 2.20(a) are 
mapped onto the parabolas shown in black in Figure 2.20(b). In particular, 
from (3) we have that the lines « = 3 and x = —3 shown in color in Figure 
2.20(a) are mapped onto the parabola with vertex at (9,0) shown in black 
in Figure 2.20(b). In a similar manner, the lines 2 = +2 are mapped onto 
the parabola with vertex at (4,0), and the lines x = +1 are mapped onto the 
parabola with vertex at (1,0). In the case when k = 0, it follows from (2) 
that the image of the line « = 0 (which is the imaginary axis) is given by: 


(a) Vertical lines in the z-plane 


u 


-20 -15 -10 -5 


u=-y’, v=0, -o<y<oo. 


b) The i f the lines i : . ae : 
a as Therefore, we also have that the imaginary axis is mapped onto the negative 


Figure 2.20 The mapping w = z? real axis by w = 27. See Figure 2.20. 
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(a) Horizontal lines in the z-plane 


—20:-15 -1Q, -5 
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With minor modifications, the method of Example 2 can be used to show 
that a horizontal line y = k, k 4 0, is mapped onto the parabola 


u=—_—k (4) 


by w = z?. Again we see that the image in (4) is unchanged if k is replaced 
by —k, and so the pair of horizontal lines y = k and y = —k, k #4 0, are 
both mapped by w = 2? onto the parabola given by (4). If k = 0, then the 
horizontal line y = 0 (which is the real axis) is mapped onto the positive real 
axis. Therefore, the horizontal lines y = k, k # 0, shown in color in Figure 
2.21(a) are mapped by w = z? onto the parabolas shown in black in Figure 
2.21(b). Specifically, the lines y = +3 are mapped onto the parabola with 
vertex at (—9,0), the lines y = +2 are mapped onto the parabola with vertex 
at (—4,0), and the lines y = +1 are mapped onto the parabola with vertex at 
(—1,0). 


5 


(b) The images of the lines in (a) 


Figure 2.21 The mapping w = z 
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EXAMPLE 3 Image of a Triangle under w = z? 


Find the image of the triangle with vertices 0, 1 +7, and 1 — 7 under the 


mapping w = 2”. 


Solution Let S denote the triangle with vertices at 0, 1+ 7%, and 1 —7, and 
let S’ denote its image under w = z?. Each of the three sides of S' will be 
treated separately. The side of S containing the vertices 0 and 1+ 7 lies on a 
ray emanating from the origin and making an angle of 7/4 radians with the 
positive x-axis. By our previous discussion, the image of this segment must 
lie on a ray making an angle of 2 (7/4) = 7/2 radians with the positive u-axis. 
Furthermore, since the moduli of the points on the edge containing 0 and 1+72 
vary from 0 to 2, the moduli of the images of these points vary from 0? = 0 
to (V2) = 2. Thus, the image of this side is a vertical line segment from 0 to 
2i contained in the v-axis and shown in black in Figure 2.22(b). In a similar 
manner, we find that the image of the side of S containing the vertices 0 and 
1 —i is a vertical line segment from 0 to —2i contained in the v-axis. See 
Figure 2.22. The remaining side of S contains the vertices 1 — 7 and 1 +i. 
This side consists of the set of points z = 1+iy, —1 < y < 1. Because this side 
is contained in the vertical line x = 1, it follows from (2) and (3) of Example 
2 that its image is a parabolic segment given by: 


215 1-05 15 2 
-0.5 L 
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(a) A triangle in the z-plane 


waz 


s 


“751 205 T15 2” 


2 
(b) The image of the triangle in (a) 


Figure 2.22 The mapping w = 2? 
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Thus, we have shown that the image of triangle S shown in color in Figure 


2.22(a) is the figure S” shown in black in Figure 2.22(b). 


MMe eben” =6An analysis similar to that used for the 


mapping w = 27 can be applied to the mapping w = 2", n > 2. By replacing 
the symbol z with re’® we obtain: 


wa 2 = rein, (5) 


Consequently, if z and w = z” are plotted in the same copy of the complex 
plane, then this mapping can be visualized as the process of magnifying or 
contracting the modulus r of z to the modulus r” of w, and by rotating z 
about the origin to increase an argument @ of z to an argument n@ of w. 

We can use this description of w = z” to show that a ray emanating from 
the origin and making an angle of ¢ radians with the positive x-axis is mapped 
onto a ray emanating from the origin and making an angle of n@ radians with 
the positive u-axis. This property is illustrated for the mapping w = z° in 
Figure 2.23. Each ray shown in color in Figure 2.23(a) is mapped onto a ray 
shown in black in Figure 2.23(b). Since the mapping w = 2? increases the 
argument of a point by a factor of 3, the ray nearest the x-axis in the first 
quadrant in Figure 2.23(a) is mapped onto the ray in the first quadrant in 
Figure 2.23(b), and the remaining ray in the first quadrant in Figure 2.23(a) is 
mapped onto the ray in the second quadrant in Figure 2.23(b). Similarly, the 
ray nearest the x-axis in the fourth quadrant in Figure 2.23(a) is mapped onto 
the ray in the fourth quadrant in Figure 2.23(b), and the remaining ray in the 
fourth quadrant of Figure 2.23(a) is mapped onto the ray in the third quadrant 
in Figure 2.23(b). 
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(a) Rays in the z-plane (b) Images of the rays in (a) 


Figure 2.23 The mapping w = z? 
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y | EXAMPLE 4_ Image of a Circular Wedge under w = z® 
Determine the image of the quarter disk defined by the inequalities |z| < 2, 
> 0 < arg(z) < 2/2, under the mapping w = 2°. 
x 


2 Solution Let S denote the quarter disk and let S’ denote its image under 
w = 23. Since the moduli of the points in S vary from 0 to 2 and since the 
mapping w = z? cubes the modulus of a point, it follows that the moduli 
of the points in S$” vary from 0° = 0 to 2° = 8. In addition, because the 


(a) The set S for Example 4 
arguments of the points in S' vary from 0 to 7/2 and because the mapping 


wa2 w = 2° triples the argument of a point, we also have that the arguments of 
y the points in S’ vary from 0 to 37/2. Therefore, S” is the set given by the 
if inequalities |w| <8, 0 < arg(w) < 37/2, shown in gray in Figure 2.24(b). In 


summary, the set S shown in color in Figure 2.24(a) is mapped onto the set 


S’ shown in gray in Figure 2.24(b) by w = 2°. 


2.4.2 The Power Function z!/” 


We now investigate complex power functions of the form z 
integer and n > 2. We begin with the case n = 2. 


(b) The image of S 


1/n where n is an 


Figure 2.24 The mapping w = z 


Principal Square Root Function z1/? FRGw@)Roascantme arr 
saw that the n nth roots of a nonzero complex number z = r (cos @ + isin @) = 
re’? are given by: 


Wr cos (A=) +7sin (A=) = Bi pelrekalin 
n n 


where k= 0, 1, 2, ..., n—1. In particular, for n = 2, we have that the two 
square roots of z are: 


0+ 2k 0+ 2k 7 
Vr cos (a) + isin (=) _ JVreilat2kn)/2 (6) 


for k = 0, 1. The formula in (6) does not define a function because it assigns 
two complex numbers (one for k = 0 and one for k = 1) to the complex 
number z. However, by setting 0 =Arg(z) and & = 0 in (6) we can define a 
function that assigns to z the unique principal square root. Naturally, this 
function is called the principal square root function. 


Definition 2.4 Principal Square Root Function 


The function z!/? defined by: 


1/2 iArg(z)/2 


gt = «/\zle 


is called the principal square root function. 
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If we set 6 =Arg(z) and replace z with re’ in (7), then we obtain an 
alternative description of the principal square root function for |z| > 0: 


eae, Oe hag es. (8) 


Note & You should take note that the symbol z1/? used in Definition 2.4 represents 
something different from the same symbol used in Section 1.4. In (7) we 
use z!/? to represent the value of the principal square root of the complex 
number z, whereas in Section 1.4 the symbol z!/? was used to represent the 
set of two square roots of the complex number z. This repetition of notation is 
unfortunate, but widely used. For the most part, the context in which you see 
the symbol z!/? should make it clear whether we are referring to the principal 
square root or the set of square roots. In order to avoid confusion we will, at 
times, also explicitly state “the principal square root function z!/2” or “the 
function f(z) = z'/? given by (7).” 


| EXAMPLE 5 Values of z2/2 


Find the values of the principal square root function z!/? at the following 
points: 
(a) z=4 (b) z = —2% (c) z=—-1+i 


Solution In each part we use (7) to determine the value of z1/?. 


(a) For z = 4, we have |z| = |4| = 4 and Arg(z) =Arg(4) = 0, and so from 
(7) we obtain: 


4i/2 _ V4e%(0/2) — Qe%(9) -_ 9. 


(b) For z = —2i, we have |z| = |—27| = 2 and Arg(z) =Arg(—2i) = —7/2, 
and so from (7) we obtain: 


( ai? = a/el—8/ 9/2 = 4/97/41 = § 


(c) For z = —1+4, we have |z| = |-1+4+ i] = V2 and Arg(z) =Arg(—1 +7) = 
37/4, and so from (7) we obtain: 


(-14 i)1/? = 4/ (V2) efOr//? = YeK@n/®) wz 0.4551 + 1.09871. 


———— 


It is important that we use the principal argument when we evaluate the 
principal square root function of Definition 2.4. Using a different choice for 
the argument of z can give a different function. For example, in Section 1.4 
we saw that the two square roots of i are V2 + $V2i and —3V2 — $v2i. 
For z =i we have that |z| = 1 and Arg(z) = 7/2. It follows from (7) that: 


pi/2 — Vigil /2)/2 — 1. git/4 a ee 4 S 
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Therefore, only the first of these two roots of i is the value of the principal 
square root function. Of course, we can define other “square root” functions. 
For example, suppose we let @ be the i value of the argument of z 
in the interval  < @ < 3m. Then f(z = 4/2] e'9/2 defines a function for 
which f(i) = —} 2— 5V2i i. The ee f is not the principal square root 
function but it is closely related. Since 7 < Arg(z) + 27 < 37, it follows that 
6 = Arg(z) + 27, and so 


f(z)= [z| [e/? — /| zjet(Arsl2) +27)/2 _ /| zjetArs()/2¢ in 


Because e’” = —1, the foregoing expression ee to f(z) = —4/|zle*A/2. 


That is, we have shown that the function f(z) = ./|z sa) 2 tT <6@< 37, is 
the negative of the principal square root ie gil 


The principal square root function z!/? given by 


(7) is an inverse function of the squaring function z? examined in the first 
part of this section. Before elaborating on this statement, we need to review 
some general terminology regarding inverse functions. 


A real function must be one-to-one in order to have an inverse function. 
The same is true for a complex function. The definition of a one-to-one 
complex function is analogous to that for a real function. Namely, a complex 
function f is one-to-one if each point w in the range of f is the image of 
a unique point z, called the pre-image of w, in the domain of f. That is, f 
is one-to-one if whenever f(z.) = f(z2), then z, = z2. Put another way, if 
21 # 2, then f(z1) 4 f(z). This says that a one-to-one complex function will 
not map distinct points in the z-plane onto the same point in the w-plane. For 
example, the function f(z) = 2? is not one-to-one because f(i) = f(—i) = —1. 
If f is a one-to-one complex function, then for any point w in the range of 
f there is a unique pre-image in the z-plane, which we denote by f~‘(w). 
This correspondence between a point w and its pre-image f~!(w) defines the 
inverse function of a one-to-one complex function. 


Definition 2.5 Inverse Function 


If f is a one-to-one complex function with domain A and range B, then 
the inverse function of f, denoted by f~!, is the function with domain 
B and range A defined by f~!(z) = w if f(w) = 


It follows immediately from Definition 2.5 that if a set S' is mapped onto 
a set S$’ by a one-to-one function f, then f~' maps S$’ onto S$. In other 
words, the complex mappings f and f~! “undo” each other. It also follows 
from Definition 2.5 that if f has an inverse function, then f ( 7 ma) =z and 
f-' (f(z)) = z. That is, the two compositions fo f~1 and f~!o f are the 
identity function. 


2.4 Special Power Functions 89 


| EXAMPLE 6 Inverse Function of f(z) =z4+3% 


Show that the complex function f(z) = z+ 3i is one-to-one on the entire 
complex plane and find a formula for its inverse function. 


Solution One way of showing that f is one-to-one is to show that the equality 
f(z.) = f(z2) implies the equality 21 = za. For the function f(z) = z+ 33, 
this follows immediately since z; + 37 = z2 + 3% implies that z1 = zo. As with 
real functions, the inverse function of f can often be found algebraically by 
Solve the equation z = f(w) for w pee solving the equation z = f(w) for the symbol w. Solving z = w + 3% for w, 


to find a formula for w = f~*(z). we obtain w = z — 34 and so f~1(z) = z — 31. 


From Section 2.3 we know that the mapping f(z) = z+37 in Example 6 is 
a translation by 3i and that f~'(z) = z—37 is a translation by —3i. Suppose 
we represent these mappings in a single copy of the complex plane. Since 
translating a point by 37 and then translating the image by —3i moves the 
original point back onto itself, we see that the mappings f and f~! “undo” 
each other. 


Pcuem DUNNO MOA —ee-m 8 We now describe how to obtain 


an inverse function of the power function 2", n > 2. This requires some 
explanation since the function f(z) = 2", n > 2, is not one-to-one. In order 
to see that this is so, consider the points z; = re’ and z2 = re’(@+27/™ with 
r #0. Because n > 2, the points z, and 22 are distinct. That is, 21 4 2o. 
From (5) we have that f(z1) = r%e'”® and f (zz) = r%ei(ne+2™) — rind e a 
re’ Therefore, f is not one-to-one since f(z,) = f(z2) but z, 4 z. In 
fact, the n distinct points 2; = re?®, 2. = rei(O+27/") 7, = pei(Ot4n/n) 
Zn = re9+2(n—1)7/7) are all mapped onto the siniile point w = = preind by 
f(z) = 2". This fact is illustrated for n = 6 in Figure 2.25. The six points 
x 21, 22, --., 26 with equal modulus and arguments that differ by 27/6 = 7/3 
shown in Figure 2.25 are all mapped onto the same point by f(z) = 2°. 
The preceding discussion appears to imply that the function f(z) = 2”, 
n > 2, does not have an inverse function because it is not one-to-one. You 
have encountered this problem before, when defining inverse functions for 
certain real functions in elementary calculus. For example, the real functions 
Figure 2.25 Points mapped onto the f(x) = x and g(x) = sinz are not one-to-one, yet we still have the inverse 
same point by f(z) = 2° functions f~'(x) = Vx and g~!(x) = arcsinz. The key to defining these 
inverse functions is to appropriately restrict the domains of the functions 
f(x) = a? and g(x) = sinz to sets on which the functions are one-to-one. 
For example, whereas the real function f(x) = «x? defined on the interval 
(—oo, co) is not one-to-one, the same function defined on the interval [0, 00) is 
one-to-one. Similarly, g(a) = sin is not one-to-one on the interval (—oo, 00), 
but it is one-to-one on the interval [—7/2, 1/2]. The function f~1(x) = \/z is 
the inverse function of the function f(x) = x? defined on the interval [0, 00). 
Since Dom(f) = [0, oo) and Range(f) = [0, 00), the domain and range of 
f l(a) = Vz are both [0, 00) as well. See Figure 2.26. In a similar manner, 
g +(x) = arcsin x is the inverse function of the function g(x) = sinx defined 
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123947 432-41 ])12 34° 
—1- 


2b 2 
(a) f(x) = x? (b) f-@) = Vx 


Figure 2.26 f(a) = x? defined on [0, 00) and its inverse function. 


NIA 
T 


L 1 1 1 1 1 1 ie 2 
—2 -2.5 -1-0, 05 1 L52 


-1.5¢ = L 
2b 
(a) g(x) = sin x 


(b) g(x) = arcsin x 


Figure 2.27 g(x) = sina defined on [—7/2, 7/2] and its inverse function. 


on [—7/2, 7/2]. The domain and range of g~+ are [—1,1] and [—7/2, 7/2], 
respectively. See Figure 2.27. We use this same idea for the complex power 
function z”, n > 2. That is, in order to define an inverse function for f(z) = 
z”,n > 2, we must restrict the domain of f to a set on which f is a one-to-one 
function. One such choice of this “restricted domain” when n = 2 is found in 


the following example. 


| EXAMPLE 7 A Restricted Domain for f2Z=2 
Show that f(z) = z? is a one-to-one function on the set A defined by 
—1/2 < arg(z) < 7/2 and shown in color in Figure 2.28. 


yA 
Solution As in Example 6, we show that f is one-to-one by demonstrating 


that if z, and zg are in A and if f (z1) = f (zo), then 21 = zg. If f (21) = f (22), 


then 2? = z3, or, equivalently, z? — 23 = 0. By factoring this expression, we 
obtain (21 — 22) (21 + z2) = 0. It follows that either z; = zg or 21 = —2z2. By 
definition of the set A, both z; and zg are nonzero.’ Recall from Problem 34 
in Exercises 1.2 that the complex points z and —z are symmetric about the 
origin. Inspection of Figure 2.28 shows that if z2 is in A, then —z2 is not in 


Figure 2.28 A domain on which 


f (2) = 2? is one-to-one 


tIf z = 0, then arg(z) is not defined. 
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A. This implies that 21 #4 —z2, since z, is in A. Therefore, we conclude that 
Zz, = 22, and this proves that f is a one-to-one function on A. 


a 


The technique of Example 7 does not extend to the function z”, n > 2. 
For this reason we present an alternative approach to show that f(z) = 2? 
is one-to-one on A, which can be modified to show that f(z) = 2", n > 2, 
is one-to-one on an appropriate domain. As in Example 7, we will prove 
that f(z) = 27 is one-to-one on A by showing that if f(z1) = f(z) for two 
complex numbers z; and zg in A, then z,; = z2. Suppose that z; and zg are 
in A, then we may write z; = rye and z = ree’ with —n/2< 6, < 1/2 
and —1/2 < 02 < 1/2. If f(z1) = f(z2), then it follows from (1) that: 


reo! _— reer"? : (9) 


From (9) we conclude that the complex numbers r?e’?% and r3e!?%2 have the 
same modulus and principal argument: 


ri=rz and Arg (rie°?"") = Arg (ger"*) : (10) 


Because both r; and rg are positive, the first equation in (10) implies that 
ry = 1. Moreover, since —1/2 < 0, < 7/2 and —7/2 < 62 < 7/2, it follows 
that —1 < 20, <7, and —7 < 20) < 7. This means that Arg(r7e’?") = 20, 
Remember: Arg(z) is in the interval por and Arg (rae) = 262. This fact combined with the second equation in (10) 
(—1, Tr]. implies that 20, = 205, or 0; = 02. Therefore, z; and z2 are equal because 
they have the same modulus and principal argument. 


An Inverse of f(z) = z? 


function z? is one-to-one on the set A defined by —1/2 < arg(z) < 7/2. It 
follows from Definition 2.5 that this function has a well-defined inverse func- 
tion f—!. We now proceed to show that this inverse function is the principal 
square root function z!/? from Definition 2.4. In order to do so, let z = re’? 
and w = pe’? where @ and ¢ are the principal arguments of z and w respec- 
tively. Suppose that w = f~+(z). Since the range of f~! is the domain of f, 
the principal argument ¢ of w must satisfy: 


In Example 7 we saw that the squaring 


Tv 


On the other hand, by Definition 2.5, f(w) = w? = z. Hence, w is one 
of the two square roots of z given by (6). That is, either w = Vre’®/? or 
w = Vre'(9+27)/2, Assume that w is the latter. That is, assume that 


w = Vfreilt2n)/2, (12) 


Because 0 = Arg(z), we have —7 < @ < a, and so, 7/2 < (0+ 2m) /2 < 37/2. 
From this and (12) we conclude that the principal argument ¢ of w must 
satisfy either —t < ¢ < —7/2 or 7/2 < @ < a. However, this cannot be 
true since —7/2 < ¢ < 7/2 by (11), and so our assumption in (12) must be 
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w= zi/2 


(a) Domain of z'/? (b) Range of 2'”? 


Figure 2.29 The principal square root function w = zi/2 


incorrect. Therefore, we conclude that w = \/re’®/?, which is the value of the 
principal square root function z!/? given by (8). 

Since z!/? is an inverse function of f(z) = z? defined on the set 
—r/2 < arg(z) < 1/2, it follows that the domain and range of z1/? are the 
range and domain of f, respectively. In particular, Range(z1/?) = A, that is, 
the range of z!/? is the set of complex w satisfying —1/2 < arg(w) < 1/2. 
In order to find Dom(z!/?) we need to find the range of f. On page 82 we 
saw that w = 27 maps the right half-plane Re(z) > 0 onto the entire complex 
plane. See Figure 2.19. The set A is equal to the right half-plane Re(z) > 0 
excluding the set of points on the ray emanating from the origin and contain- 
ing the point —7. That is, A does not include the point z = 0 or the points 
satisfying arg(z) = —1/2. However, we have seen that the image of the set 
arg(z) = 7/2—the positive imaginary axis—is the same as the image of the 
set arg(z) = —7/2. Both sets are mapped onto the negative real axis. Since 
the set arg(z) = 7/2 is contained in A, it follows that the only difference be- 
tween the image of the set A and the image of the right half-plane Re(z) > 0 
is the image of the point z = 0, which is the point w = 0. That is, the set 
A defined by —7/2 < arg(z) < 7/2 is mapped onto the entire complex plane 
excluding the point w = 0 by w = z?, and so the domain of f~!(z) = z/? is 
the entire complex plane C excluding 0. In summary, we have shown that the 
principal square root function w = z!/? maps the complex plane C excluding 
0 onto the set defined by —7/2 < arg(w) < 7/2. This mapping is depicted 
in Figure 2.29. The circle |z| = r shown in color in Figure 2.29(a) is mapped 
onto the semicircle |w| = \/r, —7/2 < arg(w) < 7/2, shown in black in Figure 
2.29(b) by w = z!/?. Furthermore, the negative real axis shown in color in 
Figure 2.29(a) is mapped by w = z1/? onto the positive imaginary axis shown 
in black in Figure 2.29(b). Of course, if needed, the principal square root 
function can be extended to include the point 0 in its domain. 


GU NMVEN Sti §=As a mapping, the function z? squares the 


modulus of a point and doubles its argument. Because the principal square 
root function z!/? is an inverse function of z?, it follows that the mapping 


w = z'/? takes the square root of the modulus of a point and halves its 
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principal argument. That is, if w = z!/?, then we have |w| = \/|z] and 
Arg(w) = 4Arg(z). These relations follow directly from (7) and are helpful 
1/2. 


in determining the images of sets under w = z 


EXAMPLE 8 Image of a Circular Sector under w = z1/? 


Find the image of the set S defined by |z| < 3, 7/2 < arg(z) < 37/4, under 
the principal square root function. 
3n/4 


x Solution Let $’ denote the image of S under w = z!/?. Since |z| < 3 
for points in S and since z!/? takes the square root of the modulus of a 
point, we must have that |w| < V3 for points w in S$’. In addition, since 
m/2 < arg(z) < 37/4 for points in S and since z!/? halves the argument of a 

waz point, it follows that 7/4 < arg(w) < 37/8 for points w in S’. Therefore, we 

have shown that the set S shown in color in Figure 2.30(a) is mapped onto 


the set S’ shown in gray in Figure 2.30(b) by w = 21/?. 


(a) A circular sector 


s’ 


n/4 jaouleteholmradematclolam™ minianteem By modifying the argument given 
is on page 91 that the function f(z) = 2? is one-to-one on the set defined 
3n/8 \3 


by —7/2 < arg(z) < 7/2, we can show that the complex power function 
f(z) = 2", n > 2, is one-to-one on the set defined by 


(b) The image of the set in (a) 


sla 


Figure 2.30 The mapping w = 21/2 = < arg(z) < (13) 
It is also relatively easy to see that the image of the set defined by (13) under 
the mapping w = z” is the entire complex plane C excluding w = 0. There- 
fore, there is a well-defined inverse function for f. Analogous to the case n = 2, 
this inverse function of 2” is called the principal nth root function z!/”. 
The domain of z1/” is the set of all nonzero complex numbers, and the range 
of z/” is the set of complex numbers w satisfying —7/n < arg(w) < /n. A 
purely algebraic description of the principal nth root function is given by the 
following formula, which is analogous to (7). 


Definition 2.6 Principal nth Root Functions 


For n > 2, the function z!/” defined by: 


zi/n - e/|z|etArelz)/n 


is called the principal nth root function. 


Notice that the principal square root function z!/? from Definition 2.4 


is simply a special case of (14) with n = 2. Notice also that in Definition 
2.6 we use the symbol z!/" to represent something different than the same 
symbol used in Section 1.4. As with the symbol z!/?, whether z!/” represents 
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the principal nth root or the set of principal nth roots will be clear from the 
context or stated explicitly. 

By setting z = re’® with @ = Arg(z) we can also express the principal nth 
root function as: 


gi/n — rel, 6 = Arg(z). (15) 


EXAMPLE 9 Values of z1/" 


1/n 


Find the value of the given principal nth root function z at the given 


point z. 
Z=4 (b) 2/5; z=1- Vi 


Solution In each part we use (14). 


(a) For z = i, we have |z| = 1 and Arg(z) = 7/2. Substituting these values 
in (14) with n = 3 we obtain: 


j1/3 — Y[eiln/2)/3 _ ein/6 _ 3 4 


NLR 


(b) For z = 1 — V3i, we have |z| = 2 and Arg(z) = —7/3. Substituting these 
values in (14) with n = 5 we obtain: 


1/5 
(1 2 V3i) = /ei(-7/3)/5 — /%e-(7/15) py 1.1236 — 0.23881. 


Ss 


WW REDisheCcoAeVIDCcoMM mebatenteysem In Section 1.4 we saw that a nonzero 


complex number z has n distinct nth roots in the complex plane. This means 
that the process of “taking the nth root” of a complex number z does not 
define a complex function because it assigns a set of n complex numbers to 
the complex number z. We introduced the symbol z!/” in Section 1.4 to rep- 
resent the set consisting of the n nth roots of z. A similar type of process 
is that of finding the argument of a complex number z. Because the symbol 
arg(z) represents an infinite set of values, it also does not represent a com- 
plex function. These types of operations on complex numbers are examples 
of multiple-valued functions. This term often leads to confusion since a 
multiple-valued function is not a function; a function, by definition, must be 
single-valued. However unfortunate, the term multiple-valued function is a 
standard one in complex analysis and so we shall use it from this point on. 
We will adopt the following functional notation for multiple-valued functions. 


(b) B maps onto B’ 


Figure 2.31 The mapping w = z 


This notation will help avoid confusion associated to the symbols like z 
For example, we should assume that g(z) = z'/3 refers to the principal cube 
root function defined by (14) with n = 3, whereas, G(z) = 21/3 represents 
the multiple-valued function that assigns the three cube roots of z to the 
value of z. Thus, we have g(i) = 4/3 + 4i from Example 9(a) and G(i) = 
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Notation: Multiple- Valued Functions 


When representing multiple-valued functions with functional notation, we 
will use uppercase letters such as F(z) = z\/? or G(z) = arg(z). Lower- 
case letters such as f and g will be reserved to represent functions. 


1/n 


~ 2 


{5v3+ si, 5V3 + Si, i} from Example 1 of Section 1.4. 


(z) In (5) in Exercises 1.4 we defined a rational power of z. One way 


to define a power function 2’"/” where m/n is a rational number is 
as a composition of the principal nth root function and the power 
function 2”. That is, we can define 2”/" = (z1/")". Thus, for 
m/n = 2/3 and z = 8% you should verify that (8)?/° = 2 + 2V3i. 
Of course, using a root other than the principal nth root gives a 
possibly different function. 


(i) You have undoubtedly noticed that the complex linear mappings 


studied in Section 2.3 are much easier to visualize than the map- 
pings by complex power functions studied in this section. In part, 
mappings by complex power functions are more intricate because 
these functions are not one-to-one. The visualization of a complex 
mapping that is multiple-to-one is difficult and it follows that the 
multiple-valued functions, which are “inverses” to the multiple-to- 
one functions, are also hard to visualize. A technique attributed 
to the mathematician Bernhard Riemann (1826-1866) for visualiz- 
ing multiple-to-one and multiple-valued functions is to construct a 
Riemann surface for the mapping. Since a rigorous description of 
Riemann surfaces is beyond the scope of this text, our discussion of 
these surfaces will be informal. 


We begin with a description of a Riemann surface for the 
complex squaring function f(z) = z? defined on the closed unit disk 
|z| < 1. On page 89 we saw that f(z) = 2? is not one-to-one. It 
follows from Example 7 that f(z) = z? is one-to-one on the set A 
defined by |z| < 1, —7/2 < arg(z) < a/2. Under the complex map- 
ping w = 2”, the set A shown in color in Figure 2.31(a) is mapped 
onto the closed unit disk |w| < 1 shown in gray in Figure 2.31(a). In 
a similar manner, we can show that w = z? is a one-to-one mapping 
of the set B defined by |z| < 1, 7/2 < arg(z) < 37/2, onto the closed 
unit disk |w| < 1. See Figure 2.31(b). Since the unit disk |z| < 1 is 
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the union of the sets A and B, the image of the disk |z| < 1 under 
w = 2? covers the disk |w| < 1 twice (once by A and once by B). We 
visualize this “covering” by considering two image disks for w = 2z?. 
Let A’ denote the image of A under f and let B’ denote the image of 
B under f. See Figure 2.31. Now imagine that the disks A’ and B’ 
have been cut open along the negative real axis as shown in Figure 
2.32. The edges shown in black in Figure 2.32 of the cut disks A’ and 
B' are the images of edges shown in color of A and B, respectively. 
Figure 2.32 The cut disks A’ and B’ Similarly, the dashed edges of A’ and B’ shown in Figure 2.32 are the 
images of the dashed edges of A and B, respectively. We construct 
a Riemannn surface for f(z) = 2? by stacking the cut disks A’ and 
B’ one atop the other in xyz-space and attaching them by gluing 
together their edges. The black edge of A’ shown in Figure 2.32 is 
glued to the dashed edge of B’ shown in Figure 2.32, and the dashed 
edge of A’ is glued to the black edge of B’. After attaching in this 
manner we obtain the Riemann surface shown in Figure 2.33. We 
assume that this surface is lying directly above the closed unit disk 
|w| <1. Although w = 2? is not a one-to-one mapping of the closed 
unit disk |z| < 1 onto the closed unit disk |w| < 1, it is a one 
to-one mapping of the closed unit disk |z| < 1 onto the Riemann 
surface that we have constructed. Moreover, the two-to-one covering 
nature of the mapping w = 2? can be visualized by mapping the disk 
|z| < 1 onto the Riemann surface, then projecting the points of the 
Riemann surface vertically down onto the disk |w| < 1. In addition, 
by reversing the order in this procedure, we can also use this Riemann 
surface to help visualize the multiple-valued function F(z) = 21/2. 
Another interesting Riemann surface is one for the multiple- 
valued function G(z) = arg(z) defined on the punctured disk 
0 < |z| < 1. To construct this surface, we take a copy of the 
punctured disk 0 < |z| < 1 and cut it open along the negative real 
axis. See Figure 2.34(a). Call this cut disk Ap and let it represent 
the points in the domain written in exponential notation as re”? 
with —7 < @ < m. Take another copy of the cut disk, call it A;, 
and let it represent the points in the domain written as re’? with 
a <6 < 3a. Similarly, let A_; be a cut disk that represents the 
points in the domain written as re? with —3n < 6 < —x. Continue 
in this manner to produce an infinite set of cut disks ... A_2, A_1, 
Ag, Ai, Ao .... In general, the cut disk A, represents points in 
the domain of G expressed as re’? with (2n — 1)a < 0 < (2n+1)r. 
Now place each disk A, in xyz-space so that the point re’? with 
(Qn —1)t < 0 < (2n + 1)z lies at height @ directly above the 
point re’’ in the zy-plane. The cut disk Ag placed in zyz-space 
is shown in Figure 2.34(b). The collection of all the cut disks 
in zyz-space forms the Riemann surface for the multiple-valued 
function G(z) = arg(z) shown in Figure 2.35. The Riemann surface 
(b) Riemann surface in xyz-space indicates how this multiple-valued function maps the punctured 
disk 0 < |z| < 1 onto the real line. Namely, a vertical line passing 
through any point z in 0 < |z| < 1 intersects this Riemann surface 
at infinitely many points. The heights of the points of intersection 


Figure 2.33 A Riemann surface for 


faa 
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(a) The cut disk Ay (b) Ay placed in xyz-space 


Figure 2.34 The cut disk Ao 


represent different choices for the argument of z. Therefore, by hor- 
izontally projecting the points of intersection onto the vertical axis, 
we see the infinitely many images of G(z) = arg(z). 


DRG DOSS YFZ5 Answers to selected odd-numbered problems begin on page ANS-9. 


2.4.1 The Power Function z” 


Figure 2.35 The Riemann surface for In Problems 1-14, find the image of the given set under the mapping w = z?. 
G(z) = arg(z) Represent the mapping by drawing the set and its image. 
1. the ray arg(z) = 5 2. the ray arg(z) = = 
3. the line x = 3 4. the line y = —5 
5. the line y = at 6. the line x = 2 
4 2 
8. 


7. the positive imaginary axis the line y= a 


9. the circular arc |z| = 


10. the circular arc |z| = 
11. the triangle with vertices 0, 1, and 1+7 
12. the triangle with vertices 0, 1+ 22, and —1+ 27 
13. the square with vertices 0, 1, 1+7, andi 
14. the polygon with vertices 0, 1, 1+%, and -—1+2 


In Problems 15-20, find the image of the given set under the given composition of 
a linear function with the squaring function. 


15. the ray arg(z) = . f(z) = 2227 +1-4 


16. the line segment from 0 to -1+ i; f(z) = V227+2-i 
17. the line x = 2; f(z) =iz* —3 


18. the line y = —3; f(z) = —2? +i 


n/4 


Figure 2.36 Figure for Problems 
23 and 24 
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Figure 2.37 Figure for Problem 39 


3n/4 


Figure 2.38 Figure for Problem 40 
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19. the circular arc |z| = 2, 0 < arg(z) < a f(iZ= Leena? 

20. the triangle with vertices 0, 1, and 147; f(z) = —tiz? +1 

21. Find the image of the ray arg(z) = 7/6 under each of the following mappings. 
(a) f(z) = 2° (b) f(z) = 24 (c) f(z) =2° 


22. Find the image of the first quadrant of the complex plane under each of the 
following mappings. 


(a) f(z) =2? (b) f(z) = 23 


23. Find the image of the region 1 < |z| < 2, 7/4 < arg(z) < 37/4, shown in Figure 
2.36 under each of the following mappings. 


(a) fie) =2 (b) f(z) = 2° (c) f(z) = 24 
24. Find the image of the region shown in Figure 2.36 under each of the following 
mappings. 


(a) f(z) =32? +i (b) f(2)= G41 241 (©) fle) = 52-3 


2.4.2 The Power Function z!/” 


In Problems 25-30, use (14) to find the value of the given principal nth root function 


at the given value of z. 
25. 21/2, z= i 26. 21/2, z=24i 
27. 2/3) 7=-1 28. 21/3 z= -34 3: 


5 


29. 24/4, z=-14 V3i 30. 2/5, z= 4/3 +4 4i 


In Problems 31-38, find the image of the given set under the principal square root 


mapping w = z\/?. Represent the mapping by drawing the set and its image. 
31. the ray arg(z) = “ 32. the ray arg(z) = = 

33. the positive imaginary axis 34. the negative real axis 

35. the arc |z| = 9, = <arg(z)<a 36. the arc |z| = Bs _ < arg(z) < “ 
37. the parabola x = : — v 38. the parabola x = vo — : 


39. Find the image of the region shown in Figure 2.37 under the principal square 
root function w = 21/7. 


40. Find the image of the region shown in Figure 2.38 under the principal square 
root function w= z‘/?. (Be careful near the negative real axis!) 


[Focus on Concepts on Concepts 


41. Use a procedure similar to that used in Example 2 to find the image of the 


hyperbola xy = k, k #0, under w = 2”. 


42. Use a procedure similar to that used in Example 2 to find the image of the 
hyperbola x? — y? =k, k £0, under the mapping w = z?. 
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43. 


44. 


45. 


46. 


AT. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


Find two sets in the complex plane that are mapped onto the ray arg(w) = 1/2 


by the function w = 2. 


Find two sets in the complex plane that are mapped onto the set bounded by 


the curves u = —v, u=1-— qv", and the real axis v = 0 by the function w = 2”. 


In Example 2 it was shown that the image of a vertical line x = k, k 4 0, under 
2 


w = 2? is the parabola u = k? — = Use this result, your knowledge of linear 


Ak? 
mappings, and the fact that w = — (iz)? to prove that the image of a horizontal 
line y =k, k £0, is the parabola u = — G - iz): 


Find three sets in the complex plane that map onto the set arg(w) = a under 
the mapping w = 2°. 


Find four sets in the complex plane that map onto the circle |w| = 4 under the 


mapping w = 24. 


Do lines that pass through the origin map onto lines under w = 2", n > 2? 
Explain. 


Do parabolas with vertices on the x-axis map onto lines under w = gi/29 
Explain. 


(a) Proceed as in Example 6 to show that the complex linear function 
f(z) =az+b, a4), is one-to-one on the entire complex plane. 


(b) Find a formula for the inverse function of the function in (a). 


(a) Proceed as in Example 6 to show that the complex function f(z) = e +b, 
z 


a # 0, is one-to-one on the set |z| > 0. 


(b) Find a formula for the inverse function of the function in (a). 


Find the image of the half-plane Im(z) > 0 under each of the following principal 
nth root functions. 


(a) f= 2? (b) f(z) = 2" (c) f(z) = 2!" 


Find the image of the region |z| < 8, 7/2 < arg(z) < 37/4, under each of the 
following principal nth root functions. 


(a) f(z) = 2? (b) f(z) = 2° (c) f(z) = 2!" 


Find a function that maps the entire complex plane onto the set 
27/3 < arg(w) < 47/3. 


Read part (7) of the Remarks, and then describe how to construct a Riemann 
3 


surface for the function f(z) = z’. 
Consider the complex function f(z) = 2iz* — i defined on the quarter disk 
l2| <2, 0 < arg(z) < 1/2. 


(a) Use mappings to determine upper and lower bounds on the modulus 
of f(z) = 2iz? —i. That is, find real values L and M such that 
L< |2iz? -i] < M. 


(b) Find values of z that achieve your bounds in (a). In other words, find zo 
and z; such that |f(zo)| = L and |f(z1)| = M. 


Consider the complex function f(z) = 427 +1 —i defined on the set 2 < |z| < 3, 
0 < arg(z) <7. 
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(a) Use mappings to determine upper and lower bounds on the modulus of 
f(2)- 


(b) Find values of z that attain your bounds in (a). In other words, find zo 
and z1 such that |f(zo)| = Z and |f(z1)| = M. 


2.5 Reciprocal Function 


In Sections 2.3 and 2.4 we examined some special types of complex polynomial functions 
as mappings of the complex plane. Analogous to real functions, we define a complex 
rational function to be a function of the form /(2) = p(z)/q(z) where both p(z) and q(z) 
are complex polynomial functions. In this section, we study the most basic complex rational 
function, the reciprocal function 1/z, as a mapping of the complex plane. An important 
property of the reciprocal mapping is that it maps certain lines onto circles. 


atcraheoycele-lMauiskanteam § The function 1/z, whose domain is the set of 


all nonzero complex numbers, is called the reciprocal function. To study 
the reciprocal function as a complex mapping w = 1/z, we begin by expressing 
this function in exponential notation. Given z ¥ 0, if we set z = re’’, then 
we obtain: 


aa (1) 
From (1), we see that the modulus of w is the reciprocal of the modulus of z 
and that the argument of w is the negative of the argument of z. Therefore, 
the reciprocal function maps a point in the z-plane with polar coordinates 
(r, 8) onto a point in the w-plane with polar coordinates (1/r, —@). In Figure 
2.39, we illustrate the relationship between z and w = 1/z in a single copy of 
the complex plane. As we shall see, a simple way to visualize the reciprocal 
function as a complex mapping is as a composition of inversion in the unit 
circle followed by reflection across the real axis. We now proceed to define 
Figure 2.39 The reciprocal mapping and analyze each of these mappings. 


Inversion in the Unit Circle attpitantesn 
g(z) = =e”, (2) 


whose domain is the set of all nonzero complex numbers, is called inversion 
in the unit circle. We will describe this mapping by considering separately 
the images of points on the unit circle, points outside the unit circle, and 
points inside the unit circle. Consider first a point z on the unit circle. Since 
z= 1-e", it follows from (2) that g(z) = te’? = z. Therefore, each point 
on the unit circle is mapped onto itself by g. If, on the other hand, z is a 
nonzero complex number that does not lie on the unit circle, then we can 
write z as z = re’? with r #1. When r > 1 (that is, when z is outside of the 


Figure 2.41 Complex conjugation 
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(a) Points z,, 2), and z, in the z-plane (b) The images of z,, z,, and z, in the w-plane 


Figure 2.40 Inversion in the unit circle 


1 io 
a point z outside the unit circle is a point inside the unit circle. Conversely, 


1 
unit circle), we have that |g(z)| = | = 1. So, the image under g of 


1 
if r <1 (that is, if z is inside the unit circle), then |g(z)| = — > 1, and we 
r 


conclude that if z is inside the unit circle, then its image under g is outside the 
unit circle. The mapping w = e’’/r is represented in Figure 2.40. The circle 
|z| = 1 shown in color in Figure 2.40(a) is mapped onto the circle |w| = 1 
shown in black in Figure 2.40(b). In addition, w = e’/r maps the region 
shown in light color in Figure 2.40(a) into the region shown in light gray in 
Figure 2.40(b), and it maps the region shown in dark color in Figure 2.40(a) 
into the region shown in dark gray in Figure 2.40(b). 


We end our discussion of inversion in the unit circle by observing from 
(2) that the arguments of z and g(z) are equal. It follows that if z; 4 0 is 
a point with modulus r in the z-plane, then g(z,) is the unique point in the 
w-plane with modulus 1/r lying on a ray emanating from the origin making 
an angle of arg(zo) with the positive u-axis. See Figure 2.40. In addition, 
since the moduli of z and g(z) are inversely proportional, the farther a point 
z is from 0 in the z-plane, the closer its image g(z) is to 0 in the w-plane, and, 
conversely, the closer z is to 0, the farther g(z) is from 0. 


(Ofeynayelter.a@reyehpviezsinteyem@ ‘The second complex mapping that is helpful 


for describing the reciprocal mapping is a reflection across the real axis. Un- 
der this mapping the image of the point (x, y) is (a, —y). It is easy to verify 
that this complex mapping is given by the function c(z) = Z, which we call the 
complex conjugation function. In Figure 2.41, we illustrate the relation- 
ship between z and its image c(z) in a single copy of the complex plane. By 


replacing the symbol z with re’® we can also express the complex conjugation 
function as c(z) = re?’ = re’. Because r is real, we have 7 = r. Furthermore, 


from Problem 34 in Exercises 2.1, we have ei = e~10, Therefore, the complex 
conjugation function can be written as c(z) = Z=re~”?. 
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laXcresjeyuererVMm\UEleyeyseteas §=§=The reciprocal function f(z) = 1/z can be 


written as the composition of inversion in the unit circle and complex conju- 
gation. Using the exponential forms c(z) = re~’® and g(z) = e’’/r of these 
functions we find that the composition co g is given by: 


e(g(z)) =e (Fe) anew. 


By comparing this expression with (1), we see that c(g(z)) = f(z) = 1/z. 
This implies that, as a mapping, the reciprocal function first inverts in the 
unit circle, then reflects across the real axis. 


Image of a Point under the Reciprocal Mapping 


Let zo be a nonzero point in the complex plane. If the point wo = f(z0) = 
1/20 is plotted in the same copy of the complex plane as zo, then wo is 
the point obtained by: 


(i) inverting zo in the unit circle, then 


(ii) reflecting the result across the real axis. 


| EXAMPLE 1 Image of a Semicircle under w = 1/z 


Find the image of the semicircle |z| = 2, 0 < arg(z) < a, under the reciprocal 
mapping w = 1/z. 


Solution Let C denote the semicircle and let C’ denote its image under 
w =1/z. In order to find ©’, we first invert C in the unit circle, then we 
reflect the result across the real axis. Under inversion in the unit circle, points 
with modulus 2 have images with modulus 5. Moreover, inversion in the unit 
circle does not change arguments. So, the image of the C’ under inversion in 
the unit circle is the semicircle |w| = $, 0 < arg(w) < m. Reflecting this set 
across the real axis negates the argument of a point but does not change its 
modulus. Hence, the image after reflection across the real axis is the semicircle 
given by |w| = 3, —7 < arg(w) < 0. We represent this mapping in Figure 
2.42 using a single copy of the complex plane. The semicircle C shown in color 


is mapped onto the semicircle C’ shown in black in Figure 2.42 by w = 1/z. 


Figure 2.42 The reciprocal mapping 


Using reasoning similar to that in Example 1 we can show that the recip- 
rocal function maps the circle |z| = k, k € 0, onto the circle |w| = 1/k. As 
the next example illustrates, the reciprocal function also maps certain lines 
onto circles. 
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| EXAMPLE 2 Image ofa Line under w = 1/z 


Find the image of the vertical line « = 1 under the reciprocal mapping 
w=l1/z. 


Solution The vertical line x = 1 consists of the set of points z = 1 + ty, 
—oo < y < oo. After replacing the symbol z with 1+ iy in w = 1/z and 
simplifying, we obtain: 


1 i = 
= — 1. 
°~T+iy I+y? 1+y? 


It follows that the image of the vertical line z = 1 under w = 1/2 consists of 
all points u + 2v satisfying: 
1 ~y 

= Tega as a and —o <y<oo. (3) 
We can describe this image with a single Cartesian equation by eliminating 
the variable y. Observe from (3) that v = —yu. The first equation in (3) 
implies that u 4 0, and so can rewrite this equation as y = —v/u. Now we 
substitute y = —v/u into the first equation of (3) and simplify to obtain the 
quadratic equation u? —u+v? = 0. Therefore, after completing the square 
in the variable u, we see that the image given in (3) is also given by: 


2 
(«-5) tas, uX0. (4) 


The equation in (4) defines a circle centered at (5, 0) with radius 3. However, 
because u 4 0, the point (0, 0) is not in the image. Using the complex variable 
w = u-+iv, we can describe this image by |w = 5| = 5 w #0. We represent 
this mapping using a single copy of the complex plane. In Figure 2.43, the 
line z = 1 shown in color is mapped onto the circle |w - 5| = 4 excluding the 


Figure 2.43 The reciprocal mapping point w = 0 shown in black by w= 1/z. 


The solution in Example 2 is somewhat unsatisfactory since the image is 
1 


not the entire circle |w - 5| = 3. This occurred because points on the line 
x = 1 with extremely large modulus map onto points on the circle lw - | = $ 
that are extremely close to 0, but there is no point on the line x = 1 that 
actually maps onto 0. In order to obtain the entire circle as the image of 
the line we must consider the reciprocal function defined on the extended 
complex-number system. 

In the Remarks in Section 1.5 we saw that the extended complex-number 
system consists of all the points in the complex plane adjoined with the ideal 
point oo. In the context of mappings this set of points is commonly referred to 
as the extended complex plane. The important property of the extended 
complex plane for our discussion here is the correspondence, described in 
Section 1.5, between points on the extended complex plane and the points on 
the complex plane. In particular, points in the extended complex plane that 
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are near the ideal point oo correspond to points with extremely large modulus 
in the complex plane. 

We use this correspondence to extend the reciprocal function to a function 
whose domain and range are the extended complex plane. Since (1) already 
defines the reciprocal function for all points z 4 0 or oo in the extended 
complex plane, we extend this function by specifying the images of 0 and oo. 
A natural way to determine the image of these points is to consider the images 
of points nearby. Observe that if z = re’? is a point that is close to 0, then 

; La 1 1 _io. ; 
r is a small positive real number. It follows that w = — = —e~"” is a point 
whose modulus 1/r is large. That is, in the extended complex plane, if z is 
a point that is near 0, then w = 1/z is a point that is near the ideal point 
oo. It is therefore reasonable to define the reciprocal function f(z) = 1/z on 
the extended complex plane so that f(0) = co. In a similar manner, we note 
that if z is a point that is near oo in the extended complex plane, then f(z) 
is a point that is near 0. Thus, it is also reasonable to define the reciprocal 
function on the extended complex plane so that f(co) = 0. 


Definition 2.7_ The Reciprocal Function on the Extended 
Complex Plane 


The reciprocal function on the extended complex plane is the 
function defined by: 


l/z, ifz40 or co 
fizZj=4 wo, ifz=0 


0, 1 2 = OS; 


Rather than introduce new notation, we shall let the notation 1/z repre- 
sent both the reciprocal function and the reciprocal function on the extended 
complex plane. Whenever the ideal point co is mentioned, you should assume 
that 1/z represents the reciprocal function defined on the extended complex 
plane. 


EXAMPLE 3 Image of a Line under w = 1/z 


Find the image of the vertical line x = 1 under the reciprocal function on the 
extended complex plane. 


Solution We begin by noting that since the line x = 1 is an unbounded 
set in the complex plane, it follows that the ideal point oo is on the line in 
the extended complex plane. In Example 2 we found that the image of the 
points z £ co on the line x = 1 is the circle |w = 4 = $ excluding the point 
w = 0. Thus, we need only find the image of the ideal point to determine 
the image of the line under the reciprocal function on the extended complex 


plane. From Definition 2.7 we have that f(oo) = 0, and so w = 0 is the image 
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of the ideal point. This “fills in” the missing point in the circle |w - 3| a 5. 
Therefore, the vertical line x = 1 is mapped onto the entire circle |w — 5| —— - 
by the reciprocal mapping on the extended complex plane. This mapping can 


be represented by Figure 2.43 with the “hole” at w = 0 filled in. 


Because the ideal point oo is on every vertical line in the extended complex 


plane, we have that the image of any vertical line = k with k ¥ 0 is the 
1 
entire circle c - a = under the reciprocal function on the extended 


1 

2k| | 2k 

complex plane. See Problem 23 in Exercises 2.5. In a similar manner, we can 

also show that horizontal lines are mapped to circles by w = 1/z. We now 
summarize these mapping properties of w = 1/z. 


Mapping Lines to Circles with w = 1/z 


The reciprocal function on the extended complex plane maps: 


(2) the vertical line x =k with k £0 onto the circle 


| ° 


These two mapping properties of the reciprocal function are illustrated in 
Figure 2.44. The vertical lines « = k, k 4 0, shown in color in Figure 2.44(a) 
are mapped by w = 1/z onto the circles centered on the real axis shown in 
black in Figure 2.44(b). The image of the line x = k, k 4 0, contains the point 
(1/k,0). Thus, we see that the vertical line « = 2 shown in Figure 2.44(a) 


w=1/z 


3 2 1 % 3 3 -2 
=). 
3h 
(a) Vertical and horizontal lines (b) Images of the lines in (a) 


Figure 2.44 Images of vertical and horizontal lines under the reciprocal mapping 
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maps onto the circle centered on the real axis containing (5, 0) shown in 


Figure 2.44(b), and so on. Similarly, the horizontal lines y = k, k 4 0, shown 
in color in Figure 2.44(a) are mapped by w = 1/z onto the circles centered 
on the imaginary axis shown in black in Figure 2.44(b). Since the image of 
the line y = k, k # 0, contains the point (0, —1/k), we have that the line 
y = 2 shown in Figure 2.44(a) is the circle centered on the imaginary axis 
containing the point (0, —t) shown in Figure 2.44(b), and so on. 


| EXAMPLE 4 Mapping of a Semi-infinite Strip 
Find the image of the semi-infinite horizontal strip defined by 1 < y < 2, 


y x > 0, under w = 1/z. 
2 
| S Solution Let S denote the semi-infinite horizontal strip defined by 1 < y < 2, 
1 x > 0. The boundary of S consists of the line segment « = 0, 1 < y < 2, 
and the two half-lines y = 1 and y = 2,0 < x < oo. We first determine the 
‘ : 5 ox images of these boundary curves. The line segment x = 0, 1 < y < 2, can also 


be described as the set 1 < |z| < 2, arg(z) = 7/2. Since w = 1/z, it follows 
that 5 < |w| <1. In addition, from (1) we have that arg(w) = arg (1/z) = 
—arg(z), and so, arg(w) = —7/2. Thus, the image of the line segment x = 0, 
=| 1<y <2, is the line segment on the v-axis from -hi to —i. We now consider 
ie) The sendiantinta chips the horizontal half-line y = 1, 0 < x < oo. By identifying k = 1 in (6), we see 
that the image of this half-line is an arc in the circle |w + 5% a s. Because the 
arguments of the points on the half-line satisfy 0 < arg(z) < 7/2, it follows 
that the arguments of the points in its image satisfy —7/2 < arg(w) < 0. 
2b Moreover, the ideal point oo is on the half-line, and so the point w = 0 is in 
its image. Thus, we see that the image of the half-line y= 1, 0 < x < w, is 
iL the circular arc defined by Jw + $i| = $, —1/2 < arg(w) < 0. Ina similar 
manner, we find the image of the horizontal half-line y = 2,0 < 4 < w, 
ai is the circular arc |w + 5% = +, -1/2 < arg(w) < 0. We conclude by 
= R) : : observing that, from (6), every halfline y = k, 1 < k < 2, lying between 
1 : the boundary half-lines y = 1 and y = 2 in the strip S maps onto a circular 
are |w 4 xi = - 7/2 < arg(w) < 0, lying between the circular arcs 
15 
(b) The image of $ lw + 5i| = 5 and |w+ 47| = 4, —1/2 < arg(w) < 0. Therefore, the semi- 
infinite strip S shown in color in Figure 2.45(a) is mapped on to the set S’ 


Figure 2.45 The reciprocal mapping shown in gray in Figure 2.45(b) by the complex mapping w = 1/z. 


—1F 


w=1/z 


It is easy to verify that the reciprocal function f(z) = 1/z is one-to-one. 
Therefore, f has a well-defined inverse function f~!. We find a formula 
for the inverse function f~'(z) by solving the equation z = f(w) 
for w. Clearly, this gives f~'(z) = 1/z. This observation extends our 


2.5 Reciprocal Function 107 


understanding of the complex mapping w = 1/z. For example, we have 
seen that the image of the line x = 1 under the reciprocal mapping is 
the circle |w— | = 3. Since f~!(z) =1/z = f(z), it then follows that 
the image of the circle |z — | = = under the reciprocal mapping is the 
1 
2k 


ble 


line wu = 1. In a similar manner, we see that the circles |w = 


2 


as il, 
a! 
respectively. 


and are mapped onto the lines x = k and y = k, 


2 
«(Be 


DRG DOM IS YA Answers to selected odd-numbered problems begin on page ANS-10. 


In 


Problems 1-10, find the image of the given set under the reciprocal mapping 


w = 1/z on the extended complex plane. 


a 
= 


In 


A Oe ues ee: 


the circle |z| = 5 

the semicircle |z| = 5, 7/2 < arg(z) < 37/2 
the semicircle |z| = 3, —7/4 < arg(z) < 37/4 
the quarter circle |z| = 4, 7/2 < arg(z) <7 
the annulus 4 < |z| < 2 


the region 1 < |z| < 4, 0 < arg(z) < 27/3 


the ray arg(z) = 7/4 

the line segment from —1 to 1 on the real axis excluding the point z = 0 
the line y = 4 

1 


the line x = g 


Problems 11-14, use the Remarks at the end of Section 2.5 to find the image of 


the given set under the reciprocal mapping w = 1/z on the extended complex plane. 


11 
13 


In 
on 


15. 


. the circle |z +2| = 1 12. the circle |z + 4%] = 4 


3 
. the circle |z — 2| = 2 14. the circle |z + | =; 


Problems 15-18, find the image of the given set S under the mapping w = 1/z 
the extended complex plane. 


16. 


s Izl =3 


x= Leo 


Figure 2.46 Figure for Problem 15 Figure 2.47 Figure for Problem 16 
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17. 


Figure 2.48 Figure for Problem 17 


19. 


20. 


21. 


22. 


18. 
y y 
ae 
, 
: 
: 
# 
r, 5 
Z 
# 
a bea A eee 
: 
’ 
1 
x t 
1 1 
= 1 
Izl 2 ix=1 
Ps t 
re t x 
= t 
yee ‘ 
o t 
a ' 
e 1 


Figure 2.49 Figure for Problem 18 

24 

Consider the function h(z) = = + 1 defined on the extended complex plane. 
z 


(a) Using the fact that h is a composition of the reciprocal function f(z) = 1/z 
and the linear function g(z) = 2iz + 1, that is, h(z) = g(f(z)), describe in 
words the action of the mapping w = h(z). 


(b) Determine the image of the line x = 4 under w = h(z). 


(c) Determine the image of the circle |z + 2| = 2 under w = h(z). 


Consider the function h(z) = 


ea defined on the extended complex plane. 


(a) Using the fact that h is a composition of the linear function g(z) = 2iz—1 


and the reciprocal function f(z) = 1/z, that is, h(z) = f(g(z)), describe in 
words the action of the mapping w = h(z). 


(b) Determine the image of the line y = 1 under w = h(z). 
(c) Determine the image of the circle |z + | = 5 under w = A(z). 
Consider the function h(z) = 1/z? defined on the extended complex plane. 


(a) Write h as a composition of the reciprocal function and the squaring func- 
tion. 


(b) Determine the image of the circle |z+ si| = + under the mapping 


2 
w = h(z). 
(c) Determine the image of the circle |z — 1| = 1 under the mapping w = h(z). 
Consider the mapping h(z) = = +1-+7 defined on the extended complex plane. 
z 


(a) Write h as a composition of a linear, the reciprocal, and the squaring 
function. 


(b) Determine the image of the circle Jz + ti = 4 under the mapping 
w = h(z). 


(c) Determine the image of the circle |z — 1| = 1 under the mapping w = h(z). 


[Focus on Concepts| on Concepts 


23. 


Show that the image of the line « = k, « 4 0, under the reciprocal map defined 
1 1 


eee eal 


on the extended complex plane is the circle Dk 
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24. 


25. 


26. 


27. 


28. 


According to the Remarks in Section 2.5, since f(z) = 1/z is its own inverse 
function, the mapping w = 1/z on the extended complex plane maps the circle 
|z — 4| = } to the line Re(w) = 1. Verify this fact directly using the real and 
imaginary parts of f as in Example 1. 


If A, B, C, and D are real numbers, then the set of points in the plane satisfying 
the equation: 


A(2?+y?) + Br+Cy+D=0 (7) 
is called a generalized circle. 
(a) Show that if A = 0, then the generalized circle is a line. 
(b) Suppose that A # 0 and let A = B?+C?—4AD. Complete the square in x 


and y to show that a generalized circle is a circle centered at Ge =) 


A 
with radius _ provided A > 0. (If A < 0, the generalized circle is often 


called an imaginary circle.) 


In this problem we will show that the image of a generalized circle (7) under 
the reciprocal mapping w = 1/z is a generalized circle. 


(a) Rewrite (7) in polar coordinates using the equations « = rcos@ and 
y=rsind. 


(b) Show that, in polar form, the reciprocal function w = 1/z is given by: 


w= (cos@ —isin@). 


(c) Let w = u+iv. Note that, from part (b), u = cos and v = le sin 0. 


r 
Now rewrite the equation from part (a) in terms of wu and v using these 
equations. 


(d) Conclude from parts (a)—(c) that the image of the generalized circle (7) 
under w = 1/z is the generalized circle given by: 


D(u? +v”) +Bu-Cv+A=0. (8) 


Consider the line L given by the equation Br + Cy+ D=0. 


(a) Use Problems 25 and 26 to determine when the image of the line L under 
the reciprocal mapping w = 1/z is a line. 


(b) If the image of L is a line L’, then what is the slope of L’? How does this 
slope compare with the slope of L? 


(c) Use Problems 25 and 26 to determine when the image of the line L is a 
circle. 


(d) If the image of L is a circle S’, then what are the center and radius of $’? 


Consider the circle S given by the equation A (a? t a”) + Ba +Cy+D=0 
with B? + 0? —4AD > 0. 


(a) Use Problems 25 and 26 to determine when the image of the circle S is a 
line. 


(b) Use Problems 25 and 26 to determine when the image of the circle S is a 
circle. 
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(c) If the image of 9 is a circle S’, then what are center and radius of 8’? How 
do these values compare with the center and radius of S$? 


+i 
29. Consider the complex function f(z) = ale + 2 defined on the annulus 
z 


de |) 


(a) Use mappings to determine upper and lower bounds on the modulus of 

f(z) = ane + 2. That is, find real values L and M such that 

1+% 
z 


L< | a | <M. 

(b) Find values of z that attain your bounds in (a). In other words, find zo 
and z1 such that zo and z; are in the annulus 1 < |z| < 2 and |f(zo)| = Z 
and | f(z1)| = M. 


30. Consider the complex function f(z) = : + % defined on the half-plane x > 2. 
z 


(a) Use mappings to determine an upper bound M on the modulus of f(z). 


(b) Find a value of z that attains your bound in (a). That is, find zo such that 
zo is in the half-plane x > 2 and |f(zo)| = M. 


2.6 Limits and Continuity 


The most important concept in elementary calculus is that of the limit. Recall that 
lim f(a) = L intuitively means that values f(x) of the function f can be made arbi- 
10) 


eae 
trarily close to the real number L if values of x are chosen sufficiently close to, but not 
equal to, the real number xg. In real analysis, the concepts of continuity, the derivative, 
and the definite integral were all defined using the concept of a limit. Complex limits play 
an equally important role in study of complex analysis. The concept of a complex limit is 
similar to that of a real limit in the sense that lim f(z) = L will mean that the values f(z) 


Z—Zo 
of the complex function f can be made arbitrarily close the complex number L if values 
of z are chosen sufficiently close to, but not equal to, the complex number zg. Although 
outwardly similar, there is an important difference between these two concepts of limit. In 
a real limit, there are two directions from which x can approach zg on the real line, namely, 
from the left or from the right. In a complex limit, however, there are infinitely many 
directions from which z can approach zo in the complex plane. In order for a complex limit 
to exist, each way in which z can approach zp) must yield the same limiting value. 

In this section we will define the limit of a complex function, examine some of its 
properties, and introduce the concept of continuity for functions of a complex variable. 


2.6.1 Limits 


The description of a real limit given in the section intro- 
duction is only an intuitive definition of this concept. In order to give the 
rigorous definition of a real limit, we must precisely state what is meant by 
the phrases “arbitrarily close to” and “sufficiently close to.” The first thing to 


Figure 2.50 Geometric meaning of a 


real limit 
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recognize is that a precise statement of these terms should involve the use of 
absolute values since |a — b| measures the distance between two points on the 
real number line. On the real line, the points x and 29 are close if |a — xo| isa 
small positive number. Similarly, the points f(x) and L are close if | f(a) — L| 
is a small positive number. In mathematics, it is customary to let the Greek 
letters €¢ and 6 represent small positive real numbers. Hence, the expression 
“f(x) can be made arbitrarily close to L” can be made precise by stating 
that for any real number ¢ > 0, x can be chosen so that |f(a#) — L| < ¢. In 
our intuitive definition we require that | f(a) — L| < © whenever values of x 
are “sufficiently close to, but not equal to, ro.” This means that there is 
some distance 6 > 0 with the property that if x is within distance 6 of xo 
and x # 2, then | f(a) — L| < ¢. In other words, if 0 < |x —2o| < 6, then 
| f(a) — L| < ¢. The real number 6 is not unique and, in general, depends on 
the choice of ¢, the function f, and the point x). In summary, we have the 
following precise definition of the real limit: 


Limit of a Real Function f(x) 
The limit of f as x tends xo exists and is equal to L 
if for every e > 0 there exists a 6 > 0 such that |f(a) — L| <« (1) 


whenever 0 < |x — ao| < 0. 


The geometric interpretation of (1) is shown in Figure 2.50. In this figure 
we see that the graph of the function y = f(«) over the interval (a )—0, 2o+0), 
excluding the point zo, lies between the lines y = Z—e and y = L+e 
shown dashed in Figure 2.50. In the terminology of mappings, the interval 
(ap — 6, % + 6), excluding the point x = xo, shown in color on the z-axis 
is mapped onto the set shown in black in the interval (ZL — «, L + ¢) on the 
y-axis. For the limit to exist, the relationship exhibited in Figure 2.50 must 
exist for any choice of ce > 0. We also see in Figure 2.50 that if a smaller ¢ is 
chosen, then a smaller 6 may be needed. 


(@feyashe)(->euorestigy A complex limit is, in essence, the same as a real 


limit except that it is based on a notion of “close” in the complex plane. 
Because the distance in the complex plane between two points z, and z2 is 
given by the modulus of the difference of z; and z2, the precise definition of 
a complex limit will involve |z2 — z;|. For example, the phrase “f(z) can be 
made arbitrarily close to the complex number L,” can be stated precisely as: 
for every € > 0, z can be chosen so that | f(z) — L| < ¢. Since the modulus of 
a complex number is a real number, both ¢ and 6 still represent small positive 
real numbers in the following definition of a complex limit. The complex 
analogue of (1) is: 


Cane 


F . 
Fo 4 
ieee oy 
eZ a 


’ ’ q 
ié as 
t 

‘ Go : 
‘ if e: : 


See 


(b) e-neighborhood of L 


Figure 2.51 The geometric meaning 


of a complex limit 


Figure 2.52 The limit of f does not 


exist as x approaches 0. 


Figure 2.53 Different ways to approach 


zo in a limit 
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Definition 2.8 Limit of a Complex Function 


Suppose that a complex function f is defined in a deleted neighborhood 
of z and suppose that L is a complex number. The limit of f as z 


tends to zo exists and is equal to L, written as lim f(z) = JL, if 
Z—> Zo 


for every ¢ > 0 there exists a 6 > 0 such that |f(z) — L| < ¢ whenever 
0<|z—2| <6. 


Because a complex function f has no graph, we rely on the concept of 
complex mappings to gain a geometric understanding of Definition 2.8. Recall 
from Section 1.5 that the set of points w in the complex plane satisfying 
|w — L| < © is called a neighborhood of L, and that this set consists of all 
points in the complex plane lying within, but not on, a circle of radius ¢ 
centered at the point L. Also recall from Section 1.5 that the set of points 
satisfying the inequalities 0 < |z — zo| < 6 is called a deleted neighborhood of 
zg and consists of all points in the neighborhood |z — zo| < 6 excluding the 
point z9. By Definition 2.8, if lim f(z) = L and if ¢ is any positive number, 


220 

then there is a deleted neighborhood of zo of radius 6 with the property that 
for every point z in this deleted neighborhood, f(z) is in the « neighborhood 
of L. That is, f maps the deleted neighborhood 0 < |z— zo| < 6 in the 
z-plane into the neighborhood |w — L| << in the w-plane. In Figure 2.51(a), 
the deleted neighborhood of z ) shown in color is mapped onto the set shown 
in dark gray in Figure 2.51(b). As required by Definition 2.8, the image lies 
within the e-neighborhood of LZ shown in light gray in Figure 2.51(b). 


Complex and real limits have many common properties, but there is at 
least one very important difference. For real functions, lim f(a) = L if and 
L— 2X0 


only if lim, f(z) =L and lim f(x) = L. That is, there are two directions 


L>Xo L->Xy 
from which x can approach 2g on the real line, from the right (denoted by 
+ 


x — x7) or from the left (denoted by x — zo ). The real limit exists if and 
only if these two one-sided limits have the same value. For example, consider 
the real function defined by: 


The limit of f as 2 approaches to 0 does not exist since lim f(x) = lim x2? =0, 
xr—07- xr—O~ 


but ae f@)= Jim, (a —1) = -1. See Figure 2.52. 


For limits of complex functions, z is allowed to approach zo from any 
direction in the complex plane, that is, along any curve or path through 2. 
See Figure 2.53. In order that lim f(z) exists and equals L, we require that 

Z— Zo 


f(z) approach the same complex number L along every possible curve through 
zo. Put in a negative way: 
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Criterion for the Nonexistence of a Limit 


If f approaches two complex numbers Ly # Lo for two different curves or 
paths through zo, then lim f(z) does not exist. 
Z—Zq 


EXAMPLE 1 A Limit That Does Not Exist 


Show that lim ie does not exist. 
220 Z 


Solution We show that this limit does not exist by finding two different ways 
Zz 
of letting z approach 0 that yield different values for lim 5 —. First, we let z 


approach 0 along the real axis. That is, we consider comple numbers of the 
form z = x + 0i where the real number z is approaching 0. For these points 
we have: 


0; = imi=l. (2) 


On the other hand, if we let z approach 0 along the imaginary axis, then 
z = 0+7y where the real number y is approaching 0. For this approach we 
have: 


lim = = lim ——® = lim (-1) =-1. (3) 
2302 yo00-ty oy 


z 
Since the values in (2) and (3) are not the same, we conclude that lim — does 
ZU Z 


not exist. 


The limit lim ad from Example 1 did not exist because the values of lim . 


z—-0 Z ZZ Zz 


as Z approached 0 nloue the real and imaginary axes did not agree. However, 
even if these two values did agree, the complex limit may still fail to exist. 
See Problems 19 and 20 in Exercises 2.6. In general, computing values of 
lim f(z) as z approaches zp from different directions, as in Example 1, can 


Pare 
prove that a limit does not exist, but this technique cannot be used to prove 
that a limit does exist. In order to prove that a limit does exist we must use 
Definition 2.8 directly. This requires demonstrating that for every positive 
real number ¢ there is an appropriate choice of 6 that meets the requirements 
of Definition 2.8. Such proofs are commonly called “epsilon-delta proofs.” 
Even for relatively simple functions, epsilon-delta proofs can be quite involved. 
Since this is an introductory text, we restrict our attention to what, in our 
opinion, are straightforward examples of epsilon-delta proofs. 


EXAMPLE 2. An Epsilon-Delta Proof of a Limit 
Prove that lim (2+%)z=1+ 31. 


z—1+i 
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Solution According to Definition 2.8, lim (2 +i)z = 1+ 3, if, for 


every € > 0, there is a 6 > O such that |(2+7%)z— (1+ 3i%)| < © when- 
ever 0 < |z—(1+7)| < 6. Proving that the limit exists requires that we 
find an appropriate value of 6 for a given value of ¢. In other words, for a 
given value of ¢ we must find a positive number 6 with the property that if 
0 < |jz-—(1+2)| < 6, then |(2+7)z — (14+ 37)| < ¢. One way of finding 6 is 
to “work backwards.” The idea is to start with the inequality: 


\(2+i)z—(1+3i)| <e (4) 


and then use properties of complex numbers and the modulus to manipulate 
this inequality until it involves the expression |z — (1 +7)|. Thus, a natural 
first step is to factor (2+ 7) out of the left-hand side of (4): 


1+ 32 
2+ |z— 5 
+a-[-—248 (5) 
page 
Because |2 + i| = V5 and -_ Lert (5) is equivalent to: 
+4 
V5-|z—-(1+i|<e or |[z-(1+0/<—. 6 
Ijz—(1+4)| jz—(1+4)| 3 (6) 


Thus, (6) indicates that we should take 6 = e//5. Keep in mind that the 
choice of 6 is not unique. Our choice of 6 = ¢/V/5 is a result of the particular 
algebraic manipulations that we employed to obtain (6). Having found 6 we 
now present the formal proof that im (2402 = 1+3i that does not indicate 


how the choice of 6 was made: 

Given ¢ > 0, let 6 = e/V5. If 0 < |z—(1+4)| < 6, then we have 
|z —(1+%)| < e/V5. Multiplying both sides of the last inequality by |2 + i| = 
\/5 we obtain: 
=. 
v5 
Therefore, |(2+7%)z— (1+ 32)| < ¢ whenever 0 < |z—(1+2)| < 6. So, 
according to Definition 2.8, we have proven that jim 2 +i)z=1+4 31. 


24+ a]-|z-(1+i|<V5- or |(2+i)z—(1+ 38) <e. 


1aversl| WV Asiavetmesley(s IMseele-y) The epsilon-delta proof from Example 


2 illustrates the important fact that although the theory of complex limits is 
based on Definition 2.8, this definition does not provide a convenient method 
for computing limits. We now present a practical method for computing com- 
plex limits in Theorem 2.1. In addition to being a useful computational tool, 
this theorem also establishes an important connection between the complex 
limit of f(z) = u(x, y) +%u(x, y) and the real limits of the real-valued func- 
tions of two real variables u(x, y) and v(#, y) . Since every complex function 
is completely determined by the real functions u and v, it should not be sur- 
prising that the limit of a complex function can be expressed in terms of the 
real limits of u and v. 
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Before stating Theorem 2.1, we recall some of the important concepts 
regarding limits of real-valued functions of two real variables F(a, y). The 
following definition of lim gm y) = L is analogous to both (1) and 


(x,y) (Xo0,Yo 
Definition 2.8. 


Limit of the Real Function F(z, y) 


The limit of F as (x, y) tends to (xo, yo) exists and is equal to 
the real number L if for every ¢ > 0 there exists a 6 >0 such that (7) 
|F(x, y) — L| <e whenever 0 < \/(x — xo)? + (y— yo)? <6. 


The expression \/(x — xo)? + (y — yo)? in (7) represents the distance be- 
tween the points (x, y) and (xo, yo) in the Cartesian plane. Using (7), it is 
relatively easy to prove that: 


lim LS, lim Z= Xo, and lim =Yo- 8 
(x,y) (0,Yo) (x,y) (x0,4o) . ead eave)” me (8) 


If lim F(x,y) = L and lim G(a,y) = M, then (7) can also be 
(x,y) (2o0,Yo) (x,y) (20.4) 
used to show: 


lim cF(x2, y) =cL, careal constant, (9) 
(x,y)—(0,4o) 


lim (F(a, y)£G(a, y)) =LtiM, (10) 


(x,y) (x0,Yo) 


lim F(a, y):G(a, y)=L-M, (11) 


(x,y) (20,4o) 


pace ee M <0. (12) 


lim 
and (x,y)—(x0,yo) G (a, y) M 


Limits involving polynomial expressions in x and y can be easily computed 
using the limits in (8) combined with properties (9)—(12). For example, 


lim 32y? — y) = 3( lim r) ( lim ) ( lim ) _ lim 
as u) (x,y) (1,2) Gaa0e)” (zy) (1,2) " aaa)” 


=3-1-2-2-2=10. 
In general, if p(a, y) is a two-variable polynomial function, then (8)—(12) 
can be used to show that 


(x,y) (xo,yo) 


If p(a, y) and q(x, y) are two-variable polynomial functions and q(x, yo) 4 9, 
then (13) and (12) give: 


(x,y)(20,y0) U(%,Y) — 4(o, Yo) 


116 


Chapter 2. Complex Functions and Mappings 


We now present Theorem 2.1, which relates real limits of u(a, y) and u(x, y) 
with the complex limit of f(z) = u(x, y) + iv(a, y). An epsilon-delta proof 
of Theorem 2.1 can be found in Appendix I. 


Theorem 2.1 Real and Imaginary Parts of a Limit 


Suppose that f(z) = u(x, y)+iv(a, y), zo = %o + iyo, and L = up + ivo. 


Then lim f(z) = L if and only if 
ZZ 


lim u(x, y) =U and lim v(x, Yy) = Vo. 
a woe 


Theorem 2.1 has many uses. First and foremost, it allows us to compute 
many complex limits by simply computing a pair of real limits. 


EXAMPLE 3 Using Theorem 2.1 to Compute a Limit 


Use Theorem 2.1 to compute ita (2 + a). 


Solution Since f(z) = 2? +71 = 2? —y? + (2zy + 1) i, we can apply Theorem 
2.1 with u(z, y) = 27 — y’, v(z, y) = 2ryt+-1, and 2 =1+i. Identifying 
tp = 1 and yo = 1, we find up and vp by computing the two real limits: 


Ug = lim xv? —y? and v= lim 2Qry +1). 
ce. v’) 7 goa y+) 


Since both of these limits involve only multivariable polynomial functions, we 
can use (13) to obtain: 


uj = lim av? —y’?) =17-1=0 
eee v) 
and vo lim  (2ay+1)=2-1-141=3, 


~ (@,y)—(1,1) 


and so L = up + ivp = 0+ i(3) = 32. Therefore, Jim (+4) =3e 


+t 


In addition to computing specific limits, Theorem 2.1 is also an important 
theoretical tool that allows us to derive many properties of complex limits 
from properties of real limits. The following theorem gives an example of this 
procedure. 
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Theorem 2.2 Properties of Complex Limits 


Suppose that f and g are complex functions. If lim f(z) = ZL and 
Z— Zo 

lim g(z) = M, then 

Z—Zog 


(4) lim cf(z) = cL, c a complex constant, 


E g(z)) = LM, 


L 
Ae ne) = provided M £0. 


Proof of (4) Each part of Theorem 2.2 follows from Theorem 2.1 and the 
analogous property (9)—(12). We will prove part (7) and leave the remaining 
parts as exercises. 

Let f(z) = u(x, y) Fiv(a, y), 2 = to+iyo, L = up tivo, and c=a+ib. 
Since lim f(z) = L, it follows from Theorem 2.1 that lim u(z, y) = 

z—>20 (x,y) (0,40) 
Ug and lim v(x, y) = vo. By (9) and (10), we have 
(x,y) (xo,Yo) 


lim (au(a, y) — bu(a, y)) = aug — bvo 
(x,y) (0,40) 


and lim (bu(a, y) + av(a, y)) = duo + avo. 
(x,y) (20,40) 


However, Re(cf(z)) = au(z, y) — bu(x, y) and Im(cf(z)) = bu(x, y) + 
av(x, y). Therefore, by Theorem 2.1, 


lim cf(z) = aug — buo + i (bup + avo) = cL. & 
Z—ZoO 


Of course the results in Theorems 2.2(ii) and 2.2(iii) hold for any finite 
sum of functions or finite product of functions, respectively. After establishing 
a couple of basic complex limits, we can use Theorem 2.2 to compute a large 
number of limits in a very direct manner. The two basic limits that we need 
are those of the complex constant function f(z) = c, where c is a complex 
constant, and the complex identity function f(z) = z. In Problem 45 in 
Exercises 2.6 you will be asked to show that: 


lim c= c, c a complex constant, (15) 
Zz ZO 

and lim z= 2%. (16) 
Z— Zo 


The following example illustrates how these basic limits can be combined with 
the Theorem 2.2 to compute limits of complex rational functions. 
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EXAMPLE 4 Computing Limits with Theorem 2.2 
Use Theorem 2.2 and the basic limits (15) and (16) to compute the limits 


(a) lim (3 +%)z4 — 27 4 2z 
zi z+1 


2_9 4 

(b) lim pe Sea 

zol+vV3i z—-1l— V/3i 
Solution 


(a) By Theorem 2.2(ii7) and (16), we have: 


lim 2? =limz-z=([limz)-(limz) =7-i=-1. 
zt zt 24 zi 


Similarly, lim z+ = i+ = 1. Using these limits, Theorems 2.2(7), 2.2(i#), 


Zt 


a 
and the limit in (16), we obtain: 


lim ((3 + a)z* — z? + 2z) = (3 +4) lim z4 — lim z? + 2lim z 
= (3+ ¢)(1) — (1) + 2) 
a a7, 


and lim (z +1) =1+7. Therefore, by Theorem 2.2(iv), we have: 


Zz 


. . 4 i: 
: (B+it— 2422 lm(Bt+az —2 +22) 4433 
rae z+1 ~ lim (z + 1) ~ ae 


3+ i)z*— 27 +2 
After carrying out the division, we obtain lim { a tie = 


7 1 Zt z+ ili 
eee 
a 2 
29 4 
(b) In order to find lim i die we proceed as in (a): 


zoltV3i z—-1l— V/3i 


lim (eo —2Qze+ 4) 
zo1+V3i 


(1+ v3i) —2 (1+ v3i) +4 


= —2 4 2/3i —2 -2V3i+4=0, 


and lim (z -—l1- V3i) =14+V3i-1- V3i = 0. It appears that 
z14V3i 
we cannot apply Theorem 2.2(iv) since the limit of the denominator is 0. 


However, in the previous calculation we found that 1+ V/3i is a root of 
the quadratic polynomial z? —2z+4. From Section 1.6, recall that if z1 is 
a root of a quadratic polynomial, then z— 2, is a factor of the polynomial. 
Using long division, we find that 


e Oe 4=(z 1+ v3i) (2-1- v3i). 
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See (5) in Section 1.6 and Problems 25 and 26 in Exercises 1.6. Because 
z is not allowed to take on the value 1 + V3i in the limit, we can cancel 
the common factor in the numerator and denominator of the rational 
function. That is, 


2? —2z+4 : (2-14 V3) (2 —1- V3i) 
lim —MH—— = lim 
zol+¢VR Z-1—V3i 214 V3: z-1-V3i 
= lig (z Sie V3i) 
z14+V3i 


By Theorem 2.2(7i) and the limits in (15) and (16), we then have 


lim (2-1 + v3i) Sinn tS VR. 
z14V3i 
2. 
Therefore, lim —— = 2/3i. 


zol+vV3i z-1—- J/3i 


In Section 3.1 we will calculate the limit in part (b) of Example 4 in a 
different manner. 


2.6.2 Continuity 


Soygsinmomeatclal heels Recall that if the limit of a real 
function f as x approaches the point xo exists and agrees with the value of 
the function f at xo, then we say that f is continuous at the point xp. In 
symbols, this definition is given by: 


Continuity of a Real Function f(x) 


A function f is continuous at a point xo if lim f(x) = f(x). (17) 
Lr 2X0 


Observe that in order for the equation lim f(x) = f(a) in (17) to be sat- 
mL 2X0 
isfied, three things must be true. The limit lim f(a) must exist, f must be 
L—2Xo 


defined at x9, and these two values must be equal. If any one of these three 
conditions fail, then f cannot be continuous at x2. For example, the function 


te x<0 
f(a) = 8 * * 


x—1, r>0- 


illustrated in Figure 2.52 is not continuous at the point « = 0 since lim f(x) 
z— 


2 
a*—1 
does not exist. On a similar note, even though lim 7 2, the function 
w— Go 


f(e) = 


a —l 


is not continuous at x = 1 because f(1) is not defined. 
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In real analysis, we visualize the concept of continuity using the graph of 
the function f. Informally, a function f is continuous if there are no breaks 
or holes in the graph of f. Since we cannot graph a complex function, our 
discussion of the continuity of complex functions will be primarily algebraic 
in nature. 


Continuity of Complex Functions JRMuitgcGinutemeogconmmtng 


for a complex function is, in essence, the same as that for a real function. 
That is, a complex function f is continuous at a point zo if the limit of f as 
z approaches zg exists and is the same as the value of f at zo. This gives the 
following definition for complex functions, which is analogous to (17). 


Definition 2.9 Continuity of a Complex Function 


A complex function f is continuous at a point Zo if 


Analogous to real functions, if a complex f is continuous at a point, then the 
following three conditions must be met. 


Criteria for Continuity at a Point 
A complex function f is continuous at a point zo if each of the following 


three conditions hold: 


(i) lim f(z) exists, 


(ii) f is defined at zo, and 
(wi) im f(2) = Fo), 


If a complex function f is not continuous at a point zo then we say that f is 


1 
discontinuous at zo. For example, the function f(z) = ie is discontin- 
z 


uous at z =i and z= —7. 


EXAMPLE 5 Checking Continuity at a Point 


Consider the function f(z) = 2? — iz +2. In order to determine if f is 
continuous at, say, the point z9 = 1 — i, we must find lim f(z) and f(z9), 
ZZ 


then check to see whether these two complex values are equal. From Theorem 
2.2 and the limits in (15) and (16) we obtain: 


lim f(z)= lim (2?-i24+2) =(1-0)? -1(11-4) +2 =1-31. 


Z—Zo z—1-i 


z= eid 


Figure 2.54 Figure for Example 6 
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Furthermore, for z9 = 1 — 7 we have: 


f(z.) =f(l—-1) = (1-1)? —i(1-1) +2 =1- 34. 


Since lim f(z) = f(z), we conclude that f(z) = z? — iz +2 is continuous at 


ZZ 


the point zo = 1 —2. 


As Example 5 indicates, the continuity of complex polynomial and ratio- 
nal functions is easily determined using Theorem 2.2 and the limits in (15) and 
(16). More complicated functions, however, often require other techniques. 


EXAMPLE 6 Discontinuity of Principal Square Root Function 
Show that the principal square root function f(z) = z/? defined by (7) of 


Section 2.4 is discontinuous at the point zp) = —1. 

Solution We show that f(z) = z!/? is discontinuous at zp = —1 by demon- 

strating that the limit lim f(z) = lim, z\/? does not exist. In order to do so, 
z—Z0 Za 


we present two ways of letting z approach —1 that yield different values of this 
limit. Before we begin, recall from (7) of Section 2.4 that the principal square 
root function is defined by 21/? = \/|zJe’A"8)/?, Now consider z approaching 
—1 along the quarter of the unit circle lying in the second quadrant. See 
Figure 2.54. That is, consider the points |z| = 1, 7/2 < arg(z) < 7. In expo- 
nential form, this approach can be described as z = e’, 1/2 < 0 < 1, with 0 
approaching 7. Thus, by setting |z| = 1 and letting Arg(z) = 6 approach 7, 
we obtain: 
lim z1/? = jim, J |zletA8@)/2 = jim viel. 
— —T 


z——1 


However, since e’?/? = cos (9/2) + isin (9/2), this simplifies to: 


0 0 
Jim 2? = kim (cos § + isin 5) = cos 5 isin 5 =0+i(1)=i%. (18) 
Next, we let z approach —1 along the quarter of the unit circle lying in the 
third quadrant. Again refer to Figure 2.54. Along this curve we have the 
points z = e”, —r < 6 < —1/2, with 0 approaching —7. By setting |z| = 1 
and letting Arg(z) = @ approach —7 we find: 


: 6 
: 1/2 lim V/|zle'A8O? = lim e9/2 — lim (cos § + isin )- i. (19) 


T 0-41 


Because the complex values in (18) and (19) do not agree, we conclude that 
lim_ z!/? does not exist. Therefore, the principal square root function f(z) = 


Zo 


z!/2 is discontinuous at the point zo = —1. 
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In Definition 2.9 we defined continuity of a complex function f at a single 
point z) in the complex plane. We are often also interested in the continuity 
of a function on a set of points in the complex plane. A complex function 
f is continuous on a set S if f is continuous at zo for each zp in S. For 
example, using Theorem 2.2 and the limits in (15) and (16), as in Example 
5, we can show that f(z) = 2? — iz +42 is continuous at any point zo in the 
complex plane. Therefore, we say that f is continuous on C. The function 


fa=aa 71 is continuous on the set consisting of all complex z such that 
z 


z#X Hi. 
Properties of Continuous Functions 9ysereemaicmesnteoemes 


continuity is defined using the complex limit, various properties of complex 
limits can be translated into statements about continuity. Consider Theorem 
2.1, which describes the connection between the complex limit of f(z) = 
u(x, y)+tv(a, y) and the real limits of u and v. Using the following definition 
of continuity for real functions F(a, y), we can restate this theorem about 
limits as a theorem about continuity. 


Continuity of a Real Function F(x, y) 


A function F is continuous at a point (xo, yo) if 


Be, y) = F(2o, Yo): (20) 


m 
(x,y) («0,Yo) 


Again, this definition of continuity is analogous to (17). From (20) and The- 
orem 2.1, we obtain the following result. 


Theorem 2.3. Real and Imaginary Parts of a Continuous Function 


Suppose that f(z) = u(x, y) + iv(a, y) and z = wp +i%yo. Then the 


complex function f is continuous at the point zo if and only if both real 
functions u and v are continuous at the point (20, yo). 


Proof Assume that the complex function f is continuous at zg. Then from 
Definition 2.9 we have: 
lim f(z) = f(z0) = u(zo, yo) + iv(xo, Yo). (21) 


Z— Zo 


By Theorem 2.1, this implies that: 


lim u(x, y) = u(%o, yo) and lim v(x, y) = v(0, Yo). (22) 


(x,y) (x0,Yo) (x,y) (0,Yo) 


Therefore, from (20), both u and v are continuous at (2, yo). Conversely, if 
u and v are continuous at (xo, yo), then 


lim u(z, y) = u(%o, yo) and lim v(x, y) = v(o, Yo). 
(x,y) (x0,Yo) (x,y) (#o,Yo) 
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It then follows from Theorem 2.1 that lim f(z) = u(#o, yo) + iv(xo, yo) = 
Z— Zo 
f (20). Therefore, f is continuous by Definition 2.9. Qy 


EXAMPLE 7 Checking Continuity Using Theorem 2.3 

Show that the function f(z) = Z is continuous on C. 

Solution According to Theorem 2.3, f(z) = 7 = «+ iy = x—iy is continuous 
at 29 = xo + iyo if both u(a, y) = x and v(2, y) = —y are continuous at 


(ao, yo). Because u and v are two-variable polynomial functions, it follows 
from (13) that: 


im u(x, y)=2% 9 and lim v(x, Y) = —Yo- 
ecg oe 


This implies that wu and v are continuous at (29, yo), and, therefore, that f 
is continuous at zo = po + iyo by Theorem 2.3. Since z = xo + tyo was an 


arbitrary point, we conclude that the function f(z) = Z is continuous on C. 


The algebraic properties of complex limits from Theorem 2.2 can also be 
restated in terms of continuity of complex functions. 


Theorem 2.4 Properties of Continuous Functions 


If f and g are continuous at the point zo, then the following functions are 
continuous at the point zo: 


(4) cf, ca complex constant, 


(uw) f+g, 
(iit) f-g, and 


(iv) ; provided g(zo) 4 0. 


Proof of (ii) We prove only (i); proofs of the remaining parts are simi- 
lar. Since f and g are continuous at z) we have that lim f(z) = f(zo) and 
ZZ 


lim g(z) = g(zo). From Theorem 2.2(ii), it follows that lim (f(z) + g(z)) = 

ZZ 220 

(Zo) + g(zo). Therefore, f + g is continuous at zo by Definition 2.9. NS 
Of course, the results of Theorems 2.4(72) and 2.4(7ii) extend to any finite 


sum or finite product of continuous functions, respectively. We can use these 
facts to show that polynomials are continuous functions. 


Theorem 2.5 Continuity of Polynomial Functions 


Polynomial functions are continuous on the entire complex plane C. 
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Proof Let p(z) = an2"+a@n_12" '+--:+a1z2 +49 be a polynomial function 
and let zo be any point in the complex plane C. From (16) we have that the 
identity function f(z) = z is continuous at z9, and by repeated application of 
Theorem 2.4(iii), this implies that the power function f(z) = z”, where n is an 
integer and n > 1, is continuous at this point as well. Moreover, (15) implies 
that every complex constant function f(z) = c is continuous at zo, and so it 
follows from Theorem 2.4(i) that each of the functions an,2”, @n—12"~', ... , 
a,Z, and ag are continuous at z9. Now from repeated application of Theorem 
2.4(ii) we see that p(z) = anz” + Gn_1z"- 1 +--+ +a z+ ao is continuous 
at zo. Since zo was allowed to be any point in the complex plane, we have 
shown that the polynomial function p is continuous on the entire complex 
plane C. 


Since a rational function f(z) = p(z)/q(z) is quotient of the polynomial 
functions p and q, it follows from Theorem 2.5 and Theorem 2.4(iv) that f is 
continuous at every point zo for which q(zo) 4 0. In other words, 


Continuity of Rational Functions 


Rational functions are continuous on their domains. 


lsyejbtalelce! ibbsleinteyes | Continuous complex functions have many im- 


portant properties that are analogous to properties of continuous real func- 
tions. For instance, recall that if a real function f is continuous on a closed 
interval J on the real line, then f is bounded on J. This means that there is a 
real number M > 0 such that |f(a)| <M for all x in J. An analogous result 
for real functions F(x, y) states that if F(a, y) is continuous on a closed and 
bounded region R of the Cartesian plane, then there is a real number M > 0 
such that |F'(x,y)| < M for all (x, y) in R, and we say F is bounded on R. 
Now suppose that the function f(z) = u(x, y) + iv(a, y) is defined on a 
closed and bounded region R in the complex plane. As with real functions, we 
say that the complex f is bounded on R if there exists a real constant WM > 0 
such that |f(z)| < M for all z in R. If f is continuous on R, then Theorem 
2.3 tells us that u and v are continuous real functions on R. It follows that 


the real function F(z,y) = [ules 9)? + [v(x,y)]’ is also continuous on R 
since the square root function is continuous. Because F’ is continuous on the 
closed and bounded region R, we conclude that F is bounded on R. That is, 
there is a real constant M > 0 such that |F(a,y)| < M for all (x, y) in R. 
However, since |f(z)| = F(x, y), we have that |f(z)| < / for all z in R. In 
other words, the complex function f is bounded on R. This establishes the 
following important property of continuous complex functions. 


A Bounding Property 


If a complex function f is continuous on a closed and bounded region R, 
then f is bounded on R. That is, there is a real constant M > 0 such that 
|f(z)| <M for all z in R. 
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While this result assures us that a bound M exists for f on R, it offers 
no practical approach to find it. One approach to find a bound is to use 
the triangle inequality. See Example 3 in Section 1.2. Another approach to 
determine a bound is to use complex mappings. See Problems 37 and 38 in 
Exercises 2.3, Problems 56 and 57 in Exercises 2.4, and Problems 29 and 30 
in Exercises 2.5. In Chapter 5, we will see that for a special class of important 
complex functions, the bound can only be attained by a point in the boundary 
of R. 


In Section 2.4 we discussed, briefly, the concept of a multiple- 
valued function F(z) that assigns a set of complex numbers to the input z. 
(Recall that our convention is to always use uppercase letters such as F, G, 
and H to represent multiple-valued functions.) Examples of multiple-valued 
functions include F(z) = z!/", which assigns to the input z the set of n nth 
roots of z, and G(z) = arg(z), which assigns to the input z the infinite set 
of arguments of z. In practice, it is often the case that we need a consistent 
way of choosing just one of the roots of a complex number or, maybe, just 
one of the arguments of a complex number. That is, we are usually interested 
in computing just one of the values of a multiple-valued function. If we make 
this choice of value with the concept of continuity in mind, then we obtain 
a function that is called a branch of a multiple-valued function. In more 
rigorous terms, a branch of a multiple-valued function F is a function f; that 
is continuous on some domain and that assigns exactly one of the multiple- 
values of F' to each point z in that domain. 


Notation: Branches 


When representing branches of a multiple-valued function F with func- 
tional notation, we will use lowercase letters with a numerical subscript 
such as fi, fo, and so on. 


The requirement that a branch be continuous means that the domain of 
a branch is different from the domain of the multiple-valued function. For 
example, the multiple-valued function F(z) = z‘/? that assigns to each input 
z the set of two square roots of z is defined for all nonzero complex numbers 
z. Even though the principal square root function f(z) = z!/? does assign 
exactly one value of F' to each input z (namely, it assigns to z the principal 
square root of z), f is not a branch of F. The reason for this is that the 
principal square root function is not continuous on its domain. In particular, 
in Example 6 we showed that f(z) = z1/? is not continuous at z) = —1. The 
argument used in Example 6 can be easily modified to show that f(z) = 2!/? 
is discontinuous at every point on the negative real axis. Therefore, in order 
to obtain a branch of F(z) = z!/? that agrees with the principal square root 
function, we must restrict the domain to exclude points on the negative real 
axis. This gives the function 


nea= Vref? an <0<n. (23) 
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We call the function f; defined by (23) the principal branch of F(z) = z!/? 
because the value of 6 represents the principal argument of z for all z in 
Dom (f). In the following example we show that f, is, in fact, a branch of 


| EXAMPLE 8 A Branch of F(z) = z!/? 


Show that the function f; defined by (23) is a branch of the multiple-valued 
function F(z) = z1/?. 


Solution The domain of the function f; is the set Dom(f,) defined by 
|z| > 0, —a < arg(z) < 7, shown in gray in Figure 2.55. From (8) of Section 
2.4, we see that the function f; agrees with the principal square root function 
f on this set. Thus, f; does assign to the input z exactly one of the values of 
F(z) = z'/?. It remains to show that f, is a continuous function on its domain. 
In order to see that this is so, let z be a point with |z| > 0, —7 < arg(z) < a. If 
z=a+iyand x > 0, then z = re where r = \/x? + y? and 0 = tan“1(y/z). 
SSS ae Since —1/2 < tan~1(y/x) < 2/2, the inequality —t < 0 < 7 is satisfied. 
Thus, substituting the expressions for r and @ in (23) we obtain: 


fi(z) = 2 yret tan” *(y/2)/2 


= */72 +4? cos poe wit) + i/o? + yPsin pe A) 


Figure 2.55 The domain D of the 2 7 


panes Fi Because the real and imaginary parts of f; are continuous real functions for 


x > 0, we conclude from Theorem 2.5 that f; is continuous for > 0. A 
similar argument can be made for points with y > 0 using @ = cot~(x/y) 
and for points with y < 0 using @ = —cot~!(a/y). In each case, we conclude 
from Theorem 2.5 that f; is continuous. Therefore, the function f; defined in 


(23) is a branch of the multiple-valued function F(z) = 21/2. 


SiectNOsMm@ntmelNem aesiae Although the multiple-valued function 


F(z) = z'/? is defined for all nonzero complex numbers C, the principal 
branch f; is defined only on the domain |z| > 0, —7 < arg(z) < m. In 
general, a branch cut for a branch f; of a multiple-valued function F' is 
a portion of a curve that is excluded from the domain of F' so that fy; is 
continuous on the remaining points. Therefore, the nonpositive real axis, 
shown in color in Figure 2.55, is a branch cut for the principal branch fj; 
given by (23) of the multiple-valued function F(z) = z'/?. A different branch 
of F with the same branch cut is given by f2(z) = //re!?/?, 7 < @ < 37. These 
branches are distinct because for, say, z = i we have f)(i) = 5V2+ $vV2i, but 
fo(i) = —$V2 — 4V/2i. Notice that if we set ¢ = 0 — 27, then the branch f2 
can be expressed as f2(z) = /re“(¢+27)/? — \/re!t/2e*™, 7 < b < a. Since 
e*" = —1, this simplifies to fo(z) = —/re'*/?, —a < ¢ < 1. Thus, we have 
shown that f2 = —/f,. You can think of these two branches of F(z) = z1/? as 


Values of arg 
1+e€i increasing 


Values of arg 
decreasing 


(a) z = 1 is not a branch point 


y 


Values of arg 


TN 
x 


(b) z = 0 is a branch point 


Figure 2.56 G (z) = arg(z) 
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being analogous to the positive and negative square roots of a positive real 
number. 


Other branches of F(z) = z'/? can be defined in a manner similar to 
(23) using any ray emanating from the origin as a branch cut. For example, 
f3(z) = Jre9/?, —30/4 < 0 < 57/4, defines a branch of F(z) = z1/?. The 
branch cut for f3 is the ray arg(z) = —37/4 together with the point z = 0. 

It is not a coincidence that the point z = 0 is on the branch cut for f;, 
fo, and fs. The point z = 0 must be on the branch cut of every branch 
of the multiple-valued function F(z) = 21/2. In general, a point with the 
property that it is on the branch cut of every branch is called a branch 
point of F’. Alternatively, a branch point is a point zo with the following 
property: If we traverse any circle centered at zo with sufficiently small radius 
starting at a point 21, then the values of any branch do not return to the 
value at z,. For example, consider any branch of the multiple-valued function 
G(z) = arg(z). At the point, say, z9 = 1, if we traverse the small circle 
|z — 1| = € counterclockwise from the point z; = 1 — et, then the values of the 
branch increase until we reach the point 1+ €7; then the values of the branch 
decrease back down to the value of the branch at z;. See Figure 2.56(a). This 
means that the point z9 = 1 is not a branch point. On the other hand, suppose 
we repeat this process for the point zo = 0. For the small circle |z| = ¢, the 
values of the branch increase along the entire circle. See Figure 2.56(b). By 
the time we have returned to our starting point, the value of the branch is no 
longer the same; it has increased by 27. Therefore, z) = 0 is a branch point 
of G(z) = arg(z). 


Comparison with Real Analysis 


(4) Analogous to real analysis, we can also define the concepts of infinite 
limits and limits at infinity for complex functions. Intuitively, the 
limit lim f(z) = L means that values f(z) of the function f can 

z—0oO 
be made arbitrarily close to L if values of z are chosen so that |z| is 
sufficiently large. A precise statement of a limit at infinity is: 


The limit of f as z tends to co exists and is equal to L if for 
every € > O there exists a 6 > 0 such that |f(z)—L| < « 
whenever |z| > 1/0. 


Using this definition it is not hard to show that: 


Zz—0o 


1 
lim f(z) = L if and only if lim f (Z) = Ik, (24) 
a 2 
Similarly, the infinite limit lim f(z) =o is defined by: 
Z— Zo 


The limit of f as z tends to zo is co if forevery € > O there 
is a 0 >0 such that |f(z)| > 1/e whenever 0 < |z — z| < 0. 
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From this definition we obtain the following result: 


il 
lim f(z) = oo if and only if lim —~ =0. (25) 


ZZ Z— Zo (z) 
See Problems 21—26 in Exercises 2.6. 


(iz) In real analysis we visualize a continuous function as a function whose 
graph has no breaks or holes in it. It is natural to ask if there is an 
analogous property for continuous complex functions. The answer is 
yes, but this property must be stated in terms of complex mappings. 
We begin by recalling that a parametric curve defined by paramet- 
ric equations « = x(t) and y = y(t) is called continuous if the real 
functions x and y are continuous. In a similar manner, we say that 
a complex parametric curve defined by z(t) = x(t) +7y(t) is contin- 
uous if both 2(t) and y(t) are continuous real functions. As with 
parametric curves in the Cartesian plane, a continuous parametric 
curve in the complex plane has no breaks or holes in it. Such curves 
provide a means to visualize continuous complex functions. 


If a complex function f is continuous on a set S, then the image of 
every continuous parametric curve in S must be a continuous curve. 


To see why this is so, consider a continuous complex function 
f(z) = u(a, y) + iv(x, y) and a continuous parametric curve de- 
fined by z(t) = x(t) + iy(t). From Theorem 2.3, u(x, y) and 
v(a%, y) are continuous real functions. Moreover, since x(t) and 
y(t) are continuous functions, it follows from multivariable calculus 
that the compositions u(a(t), y(t)) and v(a#(t), y(t)) are continuous 
functions. Therefore, the image of the parametric curve given by 
w(t) = f(z(t)) = u(a(t), y(t)) + tv(a(t), y(t)) is continuous. See 
Problems 57-60 in Exercises 2.6. 


DDG DIMOU IS PAS Answers to selected odd-numbered problems begin on page ANS-10. 


2.6.1 Limits 


In Problems 1-8, use Theorem 2.1 and the properties of real limits on page 115 to 
compute the given complex limit. 


1. lim (2? —2) 2. lim *—* 

zZ2t zol+i z4+2Z 

Im (2?) 
. DB _ . 

Beg we aaa) 4: 0) Se Rae) 
5. lim e* 6. lim ze* 
T. lim | (e* + z) 8. lim (los. |2? + y*| + iarctan #) 

z—o2t+i Zt x 
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In Problems 9-16, use Theorem 2.2 and the basic limits (15) and (16) to compute 
the given complex limit. 


: 2. . 5 42 
9. _jim (z z) 10. lim (z Zot z) 
1 44 
11. lim (: de *) 12. lim 2+ 
z—oeit/4 Zz zaolti g*#—1 
a 2 (9 1 2 
12 tw 2 a im. 2-2 ee 
z>-i gti z24+t ZZ (2 i) 
i; tin OA 16. ean 
220 2—20 2o-3tivy2 22+6z4+11 
17. Consider the limit lim ee) 
z—0 Im(z) 


(a) What value does the limit approach as z approaches 0 along the line y = x? 


(b) What value does the limit approach as z approaches 0 along the imaginary 
axis? 


(c) Based on your answers for (a) and (b), what can you say about lim ne ? 
20 Im(z 


18. Consider the limit lim (|z| + iArg (iz)). 
(a) What value does the limit approach as z approaches i along the unit circle 
|z| = 1 in the first quadrant? 


(b) What value does the limit approach as z approaches 7 along the unit circle 
|z| = 1 in the second quadrant? 


(c) Based on your answers for (a) and (b), what can you say about 
lim (|z| + ¢Arg (¢z))? 


2 

19. Consider the limit lim (=) : 
Z— Zz 

(a) What value does the limit approach as z approaches 0 along the real axis? 


(b) What value does the limit approach as z approaches 0 along the imaginary 
axis? 
2 
(c) Do the answers from (a) and (b) imply that lim, (=) exists? Explain. 
Z— Zz 


(d) What value does the limit approach as z approaches 0 along the line y = x? 


2 
(e) What can you say about lim (<) ? 
z— Zz 


2 2 2 
20. Consider the limit lim (25 ae ut i) 
Z— x y 


(a) What value does the limit approach as z approaches 0 along the line y = x? 


(b) What value does the limit approach as z approaches 0 along the line 
y= 2? 


2 2 2 


(c) Do the answers from (a) and (b) imply that lim, (= Je et ‘ exists? 
ZS L y 


Explain. 
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(d) What value does the limit approach as z approaches 0 along the line 
y = 22? 


ny? 222 
(e) What can you say about lim (= ee i) ? 


Problems 21—26 involve concepts of infinite limits and limits at infinity discussed in 
(i) of the Remarks. In Problems 21—26, use (24) or (25), Theorem 2.2, and the basic 
limits (15) and (16) to compute the given complex limit. 


2 : ‘ 
. ztiz—2 . iz~+1 
21. | a 22. | 
2 z . 
5 tn a, ie Ue 
zi z24+1 zo-i/2. Qz+i 
2 . 2 
25. lim 2 @+3)e+1 26. lim —*+1 
zZ—00 iz —3 zi g2+z4+1-i1 


2.6.2 Continuity 


In Problems 27-34, show that the function f is continuous at the given point. 


27. f(z) = 27 —iz+ 3-2; m% =2-i 
28. eC Zo = 30 
Zz 
3 
z ; 
29. f@)=ya249 > 
z—31 : 
30. f *)= agp = iti 
oa), ie 
31. f(z)=< 2-1? ;z0=1 
3, |el=1 
2-1 lz] #1 
32. f(z) = Bae l’ vg, DiS 
—14+iVv3 2 
PivS j=l 
_ Re(z) 2.) oin/4 
34. 1) =a me 


In Problems 35-40, show that the function f is discontinuous at the given point. 


24+1 ; 
35. f(z) = Par as ee 36. Ie ag 
37. f(z) = Arg(z); z=-1 38. f(z) = Arg(iz); zo =1 
et Al 2. joe 
38. faye * -m=i 640. f(z) = II : 2 =0 
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In Problems 41-44, use Theorem 2.3 to determine the largest region in the complex 
plane on which the function f is continuous. 


41. f(z) = Re(z) Im(z) A2. f(z) =z 
ae Te) SS te TOV Ti SEITE) 


[Focus on Concepts| on Concepts 


45. Use Theorem 2.1 to prove: 


(a) lim c=c, where c is a constant. (b) lim z= 2. 


Z—z0 2Z—zQ 


46. Use Theorem 2.1 to show that lim Z = Zp. 


ZZ 
47. Use Theorem 2.2 and Problem 46 to show that 
(a) lim Re(z) = Re(zo). 
Z—ZzQ 


(b) lim Im(z) = Im(zo). 
zZ—20 

(c) lim |z| = |zol. 
220 


48. The following is an epsilon-delta proof that lim z = zo. Fill in the missing 


Z—>Zz0 


parts. 
Proof By Definition 2.8, lim z = zo if for every ¢ > 0 there is a 6 > 0 such 


zz 
that. | | < € whenever 0 < | 


that the previous statement is true. 


| < 6. Setting 6 = ____ will ensure 


49. The following is an epsilon-delta proof that lim Z = Z. Provide the missing 


ZZ 


justifications in the proof. 


Proof By Definition 2.8, lim Zz = Zo if for every « > 0 there isa 6 > O such that 


220 
| | < € whenever 0 < | | < 6. By properties of complex modulus 
and conjugation, |z — zo| = |z — Zo| = | |. Therefore, if 0 < |z— z| <6 
and 6 = , then |Z — Zo| <e. 


50. In this problem we will develop the epsilon-delta proof that 
lim ((1— a) 2 + 24) = 2424. 
(a) Write down the epsilon-delta definition (Definition 2.8) of 
lim [(1— 7%) z+ 2¢] = 24 21. 
z—1+i 
(b) Factor out (1 — 7) from the inequality involving ¢ (from part (a)) and sim- 
plify. Now rewrite this inequality in the form |z — (1+7%)| < 


(c) Based on your work from part (b), what should 6 be set equal to? 
(d) Write the epsilon-delta proof that lim | (1 —74) z+ 21] = 24 2. 


51. (a) Is it true that lim f(z) = lim f(Z) for any complex function f? If so, 
ZZ 229 


then give a brief justification; if not, then find a counterexample. 


(b) If f(z) is a continuous function at zo, then is it true that f(z) is continuous 
at zo? 
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52. 


53. 


54. 


55. 


56. 


If f is a function for which lim f(a +10) =0 and lim f(0 + iy) = 0, then can 
xu yo 
you conclude that lim f(z) =0? Explain. 


(a) Prove that the function f(z) = Arg(z) is discontinuous at every point on 
the negative real axis. 


(b) Prove that the function f; defined by 
filz)=0, -t™@<O0<74 


is a branch of the multiple-valued function F(z) = arg(z). [Hint: See 
Example 8.] 
Consider the multiple-valued function F(z) = z'/8 that assigns to z the set of 
three cube roots of z. Explicitly define three distinct branches f1, fo, and f3 
of F’, all of which have the nonnegative real axis as a branch cut. 


Consider the multiple-valued function F(z) = (z — 1+ %)'/?. 
(a) What is the branch point of F’? Explain. 


(b) Explicitly define two distinct branches of fi and f2 of F’. In each case, 
state the branch cut. 


Consider the multiple-valued function F(z) = (2* +1) ‘/? "What are the branch 
points (there are two of them) of F’? Explain. 


[Computer Lab Assignments | Lab Assignments 


Reread part (i) of the Remarks at the end of Section 2.6. In Problems 57-60, use a 
CAS to show that the given function is not continuous inside the unit circle by plot- 


ting the image of the given continuous parametric curve. (Be careful, Mathematica 


and Maple plots can sometimes be misleading.) 


57. 


58 


59 
60 


f(z) = 2+ Arg(z), 2(t) = —7 + gV3it, -1 St <1 


f(z) = Yre*/*, 0 = Arg(z), z(t) =—3 + 3v3it, -1<t<1 
f(z) = Vre*/?, 6 = Arg(z), z(t) =-$ + je", OS t < Qn 
= 


j= 
f(z) = |z— 1Arg(—z) + iArg(iz), z(t) = ge", O< t < 20 


2.7 Applications 


In this chapter we saw that one of the main differences between real and complex functions 
is the inability to draw the graph of a complex function. This motivated the introduction of 
mappings as an alternative method for graphically representing complex functions. There 
are, however, other ways to visualize complex functions. In this section we will show that 
complex functions give complex representations of two-dimensional vector fields. In later 
chapters, we will use the complex representation of a vector field to solve applied problems 
in the areas of fluid flow, heat flow, gravitation, and electrostatics. 


4b 


23 


—al 
(b) Values of F plotted with initial point at (x, y) 


Figure 2.57 Some vector values of the 


function F(x, y) = xi — yj 


y 
LLAEFATYYNNN 
KEE VIY YN MN 
Cel NNN Es 
Pe Pas Te VAS) oe SS oN 
Kees oe EN eS 
a i? pee oe Se 
Ss Ae Ae SSI! a7 84 2 2 
NS 8 ts Us Wiel af af 27 27 
RRA ALL A AZ 

Ate 


Figure 2.58 The vector field f(z) = Z 
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Weeree IES In multivariable calculus, a vector-valued function of 


two real variables 


F(z, y) = (P(2,y), Q(2, y)) (1) 


is also called a two-dimensional vector field. Using the standard orthog- 
onal unit basis vectors i and j, we can also express the vector field in (1) 
as: 


F(x,y) = P(x, y)i+ Q(z, y)j- (2) 


For example, the function F(x, y) = (a + y)i+ (2xy)j is a two-dimensional 
vector field, for which, say, F(1, 3) = (1+3)i+ (2-1-3)j = 4i+ 6j. Values 
of a function F given by (2) are vectors that can be plotted as position vec- 
tors with initial point at the origin. However, in order to obtain a graphical 
representation of the vector field (2) that displays the relation between the 
input (a, y) and the output F(z, y), we plot the vector F(#, y) with initial 
point (a, y) and terminal point (a+ P(a2, y), y+Q(a, y)). For example, 
in Figure 2.57(a) the four functional values F(1, 1) = i—j, F(0, 1) = —j, 
F(1, —2) =i+2j, and F(—2, 1) = —2i—j of the vector field F(x, y) = xi—yj 
are plotted as position vectors, whereas in Figure 2.57(b) we have a portion 
of the graphical representation of the vector field obtained by plotting these 
four vectors with initial point at (x, y). Specifically, Figure 2.57(b) consists 
of the four vectors i— j, —j, i+ 2j, and —2i —j plotted with initial points at 
(1, 1), (0, 1), (1, —2), and (—2, 1), and terminal points (2, 0), (0, 0), (2, 0), 
and (—4, 0), respectively. 


Complex Functions as Vector Fields [BUTSQGeprvme\michane 


represent a vector field F(x, y) = P(x, y)i+- Q(x, y)j with a complex function 
f. Namely, we use the functions P and Q as the real and imaginary parts of 
f, in which case, we say that the complex function f(z) = P(x, y)+iQ(2, y) 
is the complex representation of the vector field F(z, y) = P(x, y)i+ 
Q(x, y)j. Conversely, any complex function f(z) = u(x, y)+éu(a, y) has an as- 
sociated vector field F(x, y) = u(x, y)it+v(a, y)j. From this point on we shall 
refer to both F(z, y) = P(x, y)i+ Q(z, y)j and f(z, y) = u(x, y) +iv(a, y) 
as vector fields. As an example of this discussion, consider the vector field 
f(z) = 2%. Since f(z) = x — iy, the function f is the complex representation 
of the vector field F(x, y) = xi — yj. Part of this vector field was shown in 
Figure 2.57(b). A more complete representation of the vector field f(z) = Z 
is shown in Figure 2.58 (this plot was created in Mathematica). Observe that 
the vector field plotted in Figure 2.58 gives a graphical representation of the 
complex function f(z) = Z that is different from a mapping. Compare with 
Figure 2.41 in Section 2.5. 


134 
y 
a 
BE 
ab 
3r 
| 
ral 
a A fo @ t-5 6 
-1F 
2b 


Figure 2.59 Vectors in the vector field 
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Figure 2.60 Mathematica plot of the 
vector field f(z) = iy 
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Figure 2.61 Mathematica plot of the 


normalized vector field f(z) = iy 
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When plotting a vector field F associated with a complex function f it 
is helpful to note that plotting the vector F(x, y) with initial point (x, y) is 
equivalent to plotting the vector representation of the complex number f(z) 
with initial point z. We illustrate this remark in the following example. 


EXAMPLE 1 Plotting Vectors in a Vector Field 


Plot the vectors in the vector field f(z) = z? corresponding to the points 


z=1, 2+7, 1+%, andi. 
Solution By a straightforward computation we find that: 


fQ) = =1, f2+i =(24+7? =3+4, 
f=? =-1, and f0409)=(04+7)? = 21. 


This implies that in the vector field f(z) = z? we have the vector representa- 
tions of the complex numbers 1, 3+ 47, —1, and 27 plotted with initial points 
at 1,2+7, 7, and 1+7, respectively. These vectors are shown in Figure 2.59. 


LORcmeym@reyeeeinswe Plotting vector fields by hand is a simple but 


tedious procedure. Fortunately, computer algebra systems such as Mathe- 
matica and Maple have built-in commands to plot two-dimensional vector 
fields. In Figure 2.60, the vector field f(z) = iy has been plotted using the 
Plot VectorField command in Mathematica. Observe that the lengths of the 
vectors in the Mathematica plot are much smaller than they should be. For 
example at, say, z = 1+7% we have f(1 +7) = i, but the vector plotted at 
z = 1+ does not have length 1. The reason for this is that Mathematica 
scales the vectors in a vector field in order to create a nicer image (in partic- 
ular, Mathematica scales to ensure that no vectors overlap). Therefore, the 
lengths of the vectors in Figure 2.60 do not accurately represents the absolute 
lengths of vectors in this vector field. The vectors in Figure 2.60 do, however, 
accurately represent the relative lengths of the vectors in the vector field.* 

In many applications the primary interest is in the directions and not the 
magnitudes of the vectors in a vector field. For example, in the forthcoming 
discussion we will be concerned with determining the paths along which parti- 
cles move in a fluid flow. For this type of application, we can use a normalized 
vector field. In a normalized vector field all vectors are scaled to have the 
same length. Figure 2.61 displays a normalized vector field for f(z) = iy cre- 
ated using the ScaleFunction option with the Plot VectorField command 
in Mathematica. Compare with Figure 2.60. 


'For more information on plotting vector fields in Mathematica, refer to the technical 
report Guide to Standard Mathematical Packages published by Wolfram Research. 
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Note: Normalized vector fields should => Keep in mind that in many applications the magnitudes of the vectors are 

not be used for certain applications. important and, in such cases, a normalized vector field is inappropriate. We 
will see examples of this in Chapter 5 when we discuss the circulation and net 
flux of a fluid flow. In this text, whenever we use a normalized vector field, 
we will explicitly state so. Therefore, in a graphical sense, the term vector 
field will refer to a plot of a set of vectors that has not been normalized. 


One of the many uses of vector fields in applied mathe- 
matics is to model fluid flow. Because we are confined to two dimensions in 
complex analysis, let us consider only planar flows of a fluid. This means 
that the movement of the fluid takes place in planes that are parallel to the 
zy-plane and that the motion and the physical traits of the fluid are identical 
in all planes. These assumptions allow us to analyze the flow of a single sheet 
of the fluid. Suppose that f(z) = P(x, y) +71Q(a, y) represents a velocity 
field of a planar flow in the complex plane. Then f(z) specifies the velocity 
of a particle of the fluid located at the point z in the plane. The modulus 
|f(z)| is the speed of the particle and the vector f(z) gives the direction of 
the flow at that point. 

For a velocity field f(z) = P(x, y) + iQ(x, y) of a planar flow, the 
functions P and @ represent the components of the velocity in the z- and 
y-directions, respectively. If z(t) = x(t) + iy(t) is a parametrization of the 
path that a particle follows in the fluid flow, then the tangent vector z’(t) = 
x'(t) + iy’(t) to the path must coincide with f(z(t)). Therefore, the real and 
imaginary parts of the tangent vector to the path of a particle in the fluid 
must satisfy the system of differential equations 


de 

we Pie, y) 

: (3) 
dt — Q (a, y) 


The family of solutions to the system of first-order differential equations (3) 
is called the streamlines of the planar flow associated with f(z). 


EXAMPLE 2 Streamlines 


Find the streamlines of the planar flow associated with f(z) = Z. 


Solution Since f(z) = Z = x—iy, we identify P(x, y) = x and Q(a, y) = —y. 
From (3) the streamlines of f are the family of solutions to the system of 
differential equations 
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These differential equations are independent of each other and so each can be 
solved by separation of variables. This gives the general solutions x(t) = c,e' 
and y(t) = cpe~* where c; and cy are real constants. In order to plot the 
curve z(t) = a(t) + 2y(£), we eliminate the parameter ¢ to obtain a Cartesian 
equation in x and y. This is easily done by multiplying the two solutions to 
obtain xy = c,c2. Because c; and cz can be any real constants, this family of 
curves can be given by xy = c where c is a real constant. In conclusion, we 
have shown that particles in the planar flow associated with f(z) = Z move 
along curves in the family of hyperbolas ry = c. In Figure 2.62, we have used 
Mathematica to plot the streamlines corresponding to c = +1, +4, and +9 for 
this flow. These streamlines are shown in black superimposed over the plot 


of the normalized vector field of f(z) = Z. 
Figure 2.62 Streamlines in the planar ee 


flow assicated with f(z) = Z 


| EXAMPLE 3. Streamlines 


Find the streamlines of the planar flow associated with f(z) = 27. 


Solution We proceed as in Example 2. Since the function f can be expressed 
as f(z) = 27 = 2? — y? — 2xyi, we identify P(x, y) = x? — y? and Q(z, y) = 
—2xy. Thus, the streamlines of this flow satisfy the system of differential 


equations: 
dx 2 2 
a8 
: (4) 
y 
— = —22ry. 
dt ne 


The chain rule of elementary calculus states that (dy/dx) - (da/dt) = dy/dt, 
and so after solving for dy/dx we have that 


dy dz\ _ dy 

dt dt} dx’ 
Therefore, by dividing dy/dt = —2xry by dx/dt = x? — y, we find that the 
system in (4) is equivalent to the first-order differential equation: 


d —22 
= ae or 2ayda + (a? —y”) dy =0. (5) 


Recall that a differential equation of the form M(x, y)dx + N(a, y)dy = 0 
is called exact if OM/Oy = ON/Ox. Given an exact differential equation, if 
we can find a function F(x, y) for which OF /Ox = M and OF /dy = N, then 
F(x, y) = cis an implicit solution to the differential equation. Identifying 
M(a, y) = 2ry and N(a, y) = 2? — y”, we see that our differential equation 
in (5) is exact since 


SS oe 


Figure 2.63 Streamlines in the p 


flow associated with f(z) 


=z 


2 


anar 
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To find a function F for which OF /Ox = M and OF /0y = N, we first partially 
integrate the function M(x, y) = 2xy with respect to the variable a: 


Pag) = [eu dz = xy + g(y). 


The function g(y) is then determined by taking the partial derivative of F with 


respect to the variable y and setting this expression equal to N(x, y) = x?—y?: 


OF 
F,) = J (y) =z? —y’, 
y 
This implies that g y ) = —y?, and so we can take g(y) = ay), In conclusion, 
F(x, y) = x7y— sy" = cis an implicit solution of the differential equation in 


(5), and so the greunlines of the planar flow associated with f(z) = 2? are 


given by: 
1 


2 3 
ey-—sy =e 
y 34 
where c is a real constant. In Figure 2. Oe; Mathematica has been used to plot 
the streamlines corresponding to c = z, 2, 18. These streamlines are 


shown in black superimposed over the plot of the normalized vector field for 


the flow. 


DDG DOU DS PAVE Answers to selected odd-numbered problems begin on page ANS-11. 


In Problems 1-8, (a) plot the images of the complex numbers z = 1, 1+7, 1—i, and 
i under the given function f as position vectors, and (b) plot the images as vectors 
in the vector field associated with f. 


1. f(z) =22-i 2. f(z)=23 
3. f(z) =1- 2? 4, WAS 
z 
5. f(z) = 2-2 6. f(z) = 2'/?, the principal square root function 


given by (7) of Section 2.4 
1 : 
7. f(y=t 8. f(z) =log, |2| + iArg(2) 


In Problems 9-12, (a) find the streamlines of the planar flow associated with the 
given complex function f and (b) sketch the streamlines. 


9. f(z) =1-2% 10. f(z)= 
11. f(z) =iz 12. f(z)=(1+i)z 


[Focus on Concepts| on Concepts 


13. Let f be a complex function. Explain the relationship between the vector 
field associated with f(z) and the vector field associated with g(z) = f(z —1). 
Illustrate with sketches using a simple function for f. 
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14. Let f be a complex function. Explain the relationship between the vector field 
associated with f(z) and the vector field associated with g(z) = if(z). Illustrate 
with sketches using a simple function for f. 


15. Consider the planar flow associated with f(z) = c where c is a complex constant. 
a) Find the streamlines of this flow. 

b) Explain why this flow is called a uniform flow. 

16. Consider the planar flow associated with f(z) = 1— 1/2. 


a) Use a CAS to plot the vector field associated with f in the region |z| > 1. 


b) Verify analytically that the unit circle x? + y? = 1 is a streamline in this 
flow. 


(c) Explain why f(z) = 1— 1/2? is called a flow around the unit circle. 


[Computer Lab Assignments Lab Assignments 


In Problems 17-22, use a CAS to plot the vector field associated with the given 
complex function f. 


17. f(z) =22-i 18. f(z)=2° 
19. f(z)=1-2 20. f(2)=+ 
21. f(z)=24i 22. f@=1-3 


CHAPTER 2 REVIEW QUIZ Answers to — odd-numbered problems begin 
on page ANS-12. 


In Problems 1—20, answer true or false. If the statement is false, justify your answer 
by either explaining why it is false or giving a counterexample; if the statement is 
true, justify your answer by either proving the statement or citing an appropriate 
result in this chapter. 


1. If f(z) is a complex function, then f(a +07) must be a real number. 


2. arg(z) is a complex function. 


3. The domain of the function f(z) = ; is all complex numbers. 


ze 
4. The domain of the function f(z) = e* ~G+i)=42 ig all complex numbers. 


5. If f(z) is a complex function with u(x, y) = 0, then the range of f lies in the 
imaginary axis. 
6. The entire complex plane is mapped onto the real axis v = 0 by w = z+ Z. 
7. The entire complex plane is mapped onto the unit circle |w| = 1 by w = iq 
z 
8. The range of the function f(z) = Arg(z) is all real numbers. 


9. The image of the circle |z — z | = p under a linear mapping is a circle with a 
(possibly) different center, but the same radius. 
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10. The linear mapping w = (1 _ V3i) z+ 2 acts by rotating through an angle 
of 7/3 radians clockwise about the origin, magnifying by a factor of 2, then 
translating by 2. 


11. There is more than one linear mapping that takes the circle |z — 1] = 1 to the 
circle |z + 2| = 1. 
12. The lines « = 3 and « = —3 are mapped onto to the same parabola by w = z?. 


13. There are no solutions to the equation Arg(z) = Arg (2°). 
14. If f(z) = 2'/* is the principal fourth root function, then f(—1) = — 4/244 V2i. 
15. The complex number 7 is not in the range of the principal cube root function. 


16. Under the mapping w = 1/z on the extended complex plane, the domain |z| > 3 
is mapped onto the domain |w| < . 


17. If f is a complex function for which lim Re(f(z)) = 4 and 
_jim Im(f(z)) = —1, then jim f(z) =4-i. 
18. If f is a complex function for which lim, f(x + 07) = 0 and lim f(0 + iy) = 0, 
2— yo 
then lim f(z) =0. 
19. If f is a complex function that is continuous at the point z = 1+ 7, then the 


function g(z) = 3[f(z)]? — (2+ 4) f(z) +i is continuous at z = 1+. 


20. If f is a complex function that is continuous on the entire complex plane, then 
the function g(z) = f(z) is continuous on the entire complex plane. 


In Problems 21-40, try to fill in the blanks without referring back to the text. 


21. If f(z) = 2? + iz then the real and imaginary parts of f are u(x, y) = —__ 


and u(x, y) = 
__z-4 ; ; 
22. If f(z) = mT ee then the natural domain of f is 
23. If f(z) = z-— Z, then the range of f is contained in the —_______ axis. 


24. The exponential function e* has real and imaginary parts u(x, y) = 
and u(x, y) = 


25. A parametrization of the line segment from 1 + i to 2i is z(t) = 


26. A parametrization of the circle centered at 1—i with radius 3 is z(t) = 


27. Every complex linear mapping is a composition of at most one ________, one 
, and one 

28. The complex mapping w = iz+2 rotates and _______, but does not 

29. The function z? squares the modulus of z and _______ its argument. 


30. The image of the sector 0 < arg(z) < m/2 under the mapping w = 2” is 


31. The image of horizontal and vertical lines under the mapping w = 2” is 


n 


32. The principal nth root function z!/” maps the complex plane onto the region 
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33. 
34. 


35. 


36. 


37. 


38. 


39. 


40. 


If f(z) = 2'/° is the principal 6th root function, then f(—1) = 


The complex reciprocal function 1/z is a composition of ______ in the 

circle followed by reflection across the ——____-axis. 
According to the formal definition of a complex limit, lim. (2? - i) =-4-% 
if for every « > 0 there is a 6 > O such that |__| _< © whenever 
0<|z-_____| <6. 

Z2+2 3 : , : 
If f(z) = ——, then lim f(x + 04) = and lim f(0 + ty) — 

z x yo 


Therefore, lim, f(z) 


A complex function f is continuous at z = zo if lim f(z) = 


z—7Z20 
The function f(z) = _________ is an example of a function that is continuous 
on the domain |z| > 0, —m < arg(z) < 7. 
x 
The complex function f(z) = —+7 log, x is continuous on the region 
y 


Both —_W__. and _______ are examples of multiple-valued functions. 


, 
Ws 


‘ya 


Level curves for f(z) = 1/z. 
See page 170. 


3 Analytic 


3.1 


3ho22 


3.3 


3.4 


Functions 


Differentiability and Analyticity 
Cauchy-Riemann Equations 
Harmonic Functions 
Applications 

Chapter 3 Review Quiz 


Introduction In the preceding chapter we intro- 
duced the notion of a complex function. Anal- 
ogous to the calculus of real functions we can 
develop the notions of derivatives and integrals 
of complex functions based on the fundamental 
concept of a limit. In this chapter our principal 
focus will be on the definition and the properties 
of the derivative of a complex function. 
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Chapter 3. Analytic Functions 


3.1 Differentiability and Analyticity 


The calculus of complex functions deals with the usual concepts of derivatives and integrals 
of these functions. In this section we shall give the limit definition of the derivative of a 
complex function f(z). Although many of the concepts in this section will seem familiar to 


you, such as the product, quotient, and chain rules of differentiation, 
differences between this material and the calculus of real functions f () 


there are important 
. As the subsequent 


chapters of this text unfold, you will see that except for familiarity of names and definitions, 
there is little similarity between the interpretations of quantities such as f’(x) and f’(z). 


ANS Bogie ieake) | Suppose z = r+iy and zo = x0+iyo; then the change 


in zo is the difference Az = z — 29 or Az = ©— 29 +i(y 


— yo) = Aa + iAy. If 


a complex function w = f(z) is defined at z and zo, then the corresponding 
change in the function is the difference Aw = f(z + Az) — f(zo). The 
derivative of the function f is defined in terms of a limit of the difference 


quotient Aw/Az as Az — 0. 


Definition 3.1 Derivative of Complex Function 


Suppose the complex function f is defined in a neighborhood of a point 


zo. The derivative of f at zo, denoted by f’(z0), is 


f(z + Az) — f(zo) 


F'(z0) = Pen Ag 


provided this limit exists. 


If the limit in (1) exists, then the function f is said 


(1) 


to be differentiable 


at. zo. Two other symbols denoting the derivative of w = f(z) are w’ and 


dw/dz. If the latter notation is used, then the value 


ore dw 
specified point zo is written — 
7 Z=Z0 


of a derivative at a 


| EXAMPLE 1 Using Definition 3.1 


Use Definition 3.1 to find the derivative of f(z) = 27 — 5z. 


Solution Because we are going to compute the derivative of f at any point, 


we replace zo in (1) by the symbol z. First, 
f(z + Az) = (z+ Az)? — 5(z + Az) = 2? +2zAz+( 


Second, 


Az)? —5z—5Az. 


f(z + Az) — f(z) = 27 + 2zAz + (Az)? — 5z — 5Az — (2? —5z) 


= 2z2Az + (Az)? — 5Az. 
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Then, finally, (1) gives 


2zAz + (Az)? — 5Az 


Yh = li 
ae Be 
es Az(2z + Az —5) 
Az—0 Az 


= lim (2z+ Az-—5). 
Az—0 


The limit is f’(z) =2z-—5. 


ible) eye Dytaveresseineteleye. The familiar rules of differentiation in the 


calculus of real variables carry over to the calculus of complex variables. If 
f and g are differentiable at a point z, and c is a complex constant, then (1) 
can be used to show: 


The power rule for differentiation of powers of z is also valid: 


—z" =nz"*, nan integer. (7) 
Combining (7) with (6) gives the power rule for functions: 


“(2)” a nfg(z)|”‘9/(2), nan integer. (8) 
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| EXAMPLE 2. Using the Rules of Differentiation 


Differentiate: : 
(a) f(z) = 324-522 422 (b) fi) = ie ; (©) f(@)= (iz? + 32)” 
Solution 


(a) Using the power rule (7), the sum rule (3), along with (2), we obtain 
f'(z) =3- 422 —5-327 42-1 = 1229 — 1527 +2. 
(b) From the quotient rule (5), 


(4z+1)-22—27-4 427422 


POS" aetiy Get 


(c) In the power rule for functions (8) we identify n = 5, g(z) = iz? +3z, and 
g'(z) = 2iz + 3, so that 


f' (2) = 5(iz? + 3z)*(2iz + 3). 


OS 


For a complex function f to be differentiable at a point zo, we know from 


f (zo + Az) — f(z) 


the preceding chapter that the limit Jim must exist and 


equal the same complex number fom ‘any rer that is, the limit must 
exist regardless how Az approaches 0. This means that in complex analysis, 
the requirement of differentiability of a function f(z) at a point zo is a far 
greater demand than in real calculus of functions f(a) where we can approach 
a real number zg on the number line from only two directions. If a complex 
function is made up by specifying its real and imaginary parts u and v, such 
as f(z) = a+ 4ty, there is a good chance that it is not differentiable. 


(a) Az — 0 along a line parallel EXAMPLE 3 A Function That Is Nowhere Differentiable 


ae Show that the function f(z) = « + 4iy is not differentiable at any point z. 
y 
Solution Let z be any point in the complex plane. With Az = Aw + iAy, 
Az iay | 
+ fle+ Az)— f(z) = (24 Aw) + 4ily + Ay) — 2 —4iy = Ae + 4iAy 
f . f(e+Az)— f(z) . Ag+ 4idy 
l = lim ————. 
| * auras Kit Az Azo Ag+ iAy 2. 
(b) oe a dene eline parallel Now, as shown in Figure 3.1(a), if we let Az — 0 along a line parallel to 
the z-axis, then Ay = 0 and Az = Az and 
Figure 3.1 Approaching z along a 
horizontal line and then along a lim F(z + Az) _ f(z) = lim Ag =—1., (10) 
Az—0 Az Az=30 Ar 


vertical line 
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On the other hand, if we let Az — 0 along a line parallel to the y-axis as 
shown in Figure 3.1(b), then Av = 0 and Az = iAy so that 


ae Ay 
Az—0 Az pa iAy 


=4, (11) 


In view of the obvious fact that the values in (10) and (11) are different, 
we conclude that f(z) = x + 4iy is nowhere differentiable; that is, f is not 


differentiable at any point z. 


The basic power rule (7) does not apply to powers of the conjugate of 
z because, like the function in Example 3, the function f(z) = Z is nowhere 
differentiable. See Problem 21 in Exercises 3.1. 


UNit hana derevantesiy Even though the requirement of differentiability 


is a stringent demand, there is a class of functions that is of great importance 
whose members satisfy even more severe requirements. These functions are 
called analytic functions. 


Definition 3.2 Analyticity at a Point 


A complex function w = f(z) is said to be analytic at a point 2 if f 
is differentiable at zo and at every point in some neighborhood of Zo. 


A function f is analytic in a domain D if it is analytic at every point 
in D. The phrase “analytic on a domain D” is also used. Although we shall 
not use these terms in this text, a function f that is analytic throughout a 
domain D is called holomorphic or regular. 

Very Important = [& You should reread Definition 3.2 carefully. Analyticity at a point is not 
the same as differentiability at a point. Analyticity at a point is a neighbor- 
hood property; in other words, analyticity is a property that is defined over 
an open set. It is left as an exercise to show that the function f(z) = |z|? is 
differentiable at z = 0 but is not differentiable anywhere else. Even though 
f(z) = |z|? is differentiable at z = 0, it is not analytic at that point because 
there exists no neighborhood of z = 0 throughout which f is differentiable; 
hence the function f(z) = |z|? is nowhere analytic. See Problem 19 in Exer- 
cises 3.1. 

In contrast, the simple polynomial f(z) = z? is differentiable at every 
point z in the complex plane. Hence, f(z) = 2? is analytic everywhere. 


\Dilsine Mebslenlesy A function that is analytic at every point z in the 


complex plane is said to be an entire function. In view of differentiation 
rules (2), (3), (7), and (5), we can conclude that polynomial functions are 
differentiable at every point z in the complex plane and rational functions 
are analytic throughout any domain D that contains no points at which the 
denominator is zero. The following theorem summarizes these results. 
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1+7 are zeros of the denominator 


of 7. 


ie 
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Theorem 3.1 Polynomial and Rational Functions 


(i) A polynomial function p(z) = anz" + dn_12"- 1 + +++ + a1z + ao, 
where n is a nonnegative integer, is an entire function. 


p(2) 


(ii) A rational function f(z) = ——~, where p and gq are polynomial 
q(z 


functions, is analytic in any domain D that contains no point zo for 
which q(zo) = 0. 


SPU ARCHMEMeeeiaey ©Since the rational function f(z) = 4z/ (z? — 2z+ 2) 


is discontinuous at 1+i and 1—i, f fails to be analytic at these points. Thus 
by (ii) of Theorem 3.1, f is not analytic in any domain containing one or both 
of these points. In general, a point z at which a complex function w = f(z) 
fails to be analytic is called a singular point of f. We will discuss singular 
points in greater depth in Chapter 6. 

If the functions f and g are analytic in a domain D, it can be proved that: 


Analyticity of Sum, Product, and Quotient 


The sum f(z) + g(z), difference f(z) — g(z), and product f(z)g(z) are 
analytic. The quotient f(z)/g(z) is analytic provided g(z) £0 in D. 


An Alternative Definition of f’(z) Pxontgnmcpiupckaoncantynt 
to define the derivative of a function f using an alternative form of the differ- 
ence quotient Aw/Az. Since Az = z — 2, then z = z + Az, and so (1) can 
be written as 

f' (zo) = lim F(z) = (20) - P(20)_ (12) 
220 A= Bi 
In contrast to what we did in Example 1, if we wish to compute f’ at a 
general point z using (12), then we replace zp by the symbol z after the limit 
is computed. See Problems 7—10 in Exercises 3.1. 
As in real analysis, if a function f is differentiable at a point, the function 
is necessarily continuous at the point. We use the form of the derivative given 
in (12) to prove the last statement. 


Theorem 3.2 Differentiability Implies Continuity 


If f is differentiable at a point zp) in a domain D, then f is continuous 
at 20. 


Proof The limits lim f(2) = fo) 


z>2% 2-2 Z—>20 
and 0, respectively. Hence by Theorem 2.2(i) of Section 2.6, we can write 


and lim (z— zo) exist and equal f’(z0) 
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the following limit of a product as the product of the limits: 


Jim (2) — f (20) = Jip API (e — a 
= lim F(Z) = Flo) | lim (z — zo) = f’(z9) -0 =0. 
2+ ZO Zz — £0 2+ Zo 


From lim (f(z) — f(20)) =0 we conclude that lim f(z) = f(zo). In view of 
zZ— 20 Zz Z0 


Definition 2.9, f is continuous at zo. ESN 


Of course the converse of Theorem 3.2 is not true; continuity of a func- 
tion f at a point does not guarantee that f is differentiable at the point. It 
follows from Theorem 2.3 that the simple function f(z) = x + 4iy is contin- 
uous everywhere because the real and imaginary parts of f, u(a, y) = x and 
u(a, y) = 4y are continuous at any point (x, y). Yet we saw in Example 3 
that f(z) = a + 4iy is not differentiable at any point z. 

As another consequence of differentiability, L’H6pital’s rule for computing 
limits of the indeterminate form 0/0, carries over to complex analysis. 


Theorem 3.3 L’H6pital’s Rule 


Suppose f and g are functions that are analytic at a point z and 
f(%) =9, 9(z0) = 0, but g’(zo) # 0. Then 


(13) 


The task of establishing (13) is neither long nor difficult. You are guided 
through the steps of a proof in Problem 33 in Exercises 3.1. 


EXAMPLE 4. Using L’H6pital’s Rule 


2 

z-—424+5 
Cc te li >. 
ven ga ap = 10 


Solution If we identify f(z) = 2? — 42 +5 and g(z) = 23 — z— 10i, you 
should verify that f(2 +7) = 0 and g(2 +7) = 0. The given limit has the 
indeterminate form 0/0. Now since f and g are polynomial functions, both 
functions are necessarily analytic at z = 2+ 7. Using 


f'(z)=27-4, gf (ze) =32?-1, f'(2+)=23, g/(24+7)=8+ 12:, 
we see that (13) gives 


_ ade t5 fi(2+4) 2i 2, a 
lim = T= = a5 + 
zo2ti 28—z—10i =g/((24+i) 84121 26 13 


_——— Sa 
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In part (b) of Example 4 in Section 2.6 we resorted to the lengthy proce- 
dure of factoring and cancellation to compute the limit 
22 4 
lim 2724" (14) 
zol4+V3i 2-1 J3i 
A rereading of that example shows that the limit (14) has the indeterminate 
form 0/0. With f(z) = z? — 2z+4, g(z) = z-1— V3i, f’(z) = 2z — 2, and 
g'(z) = 1, L’H6pital’s rule (13) gives immediately 


2139) 4 "(1 } 
ig, ere + VS) _ 9 (1 +-v3i-1) = 2V%i. 
zol4Va2 —-1— JV3i 1 


Comparison with Real Analysis 


(i) In real calculus the derivative of a function y = f(x) at a point 
x has many interpretations. For example, f(x) is the slope of the 
tangent line to the graph of f at the point (az, f(x)). When the slope 
is positive, negative, or zero, the function, in turn, is increasing, 
decreasing, and possibly has a maximum or minimum. Also, f’(z) 
is the instantaneous rate of change of f at x. In a physical setting, 
this rate of change can be interpreted as velocity of a moving object. 
None of these interpretations carry over to complex calculus. Thus 
it is fair to ask: What does the derivative of a complex function 
w = f(z) represent? Here is the answer: In complex analysis the 
primary concern is not what a derivative of function 7s or represents, 
but rather, it is whether a function f actually has a derivative. The 
fact that a complex function f possesses a derivative tells us a lot 
about the function. As we have just seen, when f is differentiable at 
z and at every point in some neighborhood of z, then f is analytic at 
the point z. You will see the importance of analytic functions in the 
remaining chapters of this book. For example, the derivative plays 
an important role in the theory of mappings by complex functions. 
Roughly, under a mapping defined by an analytic function f, the 
magnitude and sense of an angle between two curves that intersect 
a point zo in the z-plane is preserved in the w-plane at all points at 
which f’(z) 40. See Chapter 7. 


(i7) We pointed out in the foregoing discussion that f(z) = |z| was 
differentiable only at the single point z = 0. In contrast, the real 
function f(x) = |z|* is differentiable everywhere. The real func- 
tion f(x) = wx is differentiable everywhere, but the complex function 
f(z) = « = Re(z) is nowhere differentiable. 


(iii) The differentiation formulas (2)—(8) are important, but not nearly 
as important as in real analysis. In complex analysis we deal with 
functions such as f(z) = 4x? — iy and g(z) = zy +i(x + y), which, 
even if they possess derivatives, cannot be differentiated by formulas 


(2)-(8). 
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(iv) In this section we have not mentioned the concept of higher-order 
derivatives of complex functions. We will pursue this topic in depth 
in Section 5.5. There is nothing surprising about the definitions of 
higher derivatives; they are defined in exactly the same manner as in 
real analysis. For example, the second derivative is the derivative of 
the first derivative. In the case f(z) = 423 we see that f’(z) = 122? 
and so the second derivative is f”(z) = 24z. But there is a major 
difference between real and complex variables concerning the exis- 
tence of higher-order derivatives. In real analysis, if a function f 
possesses, say, a first derivative, there is no guarantee that f pos- 
sesses any other higher derivatives. For example, on the interval 
(1, 1), f(x) = x°/? is differentiable at z = 0, but f/(z) = 321/? is 
not differentiable at 2 = 0. In complex analysis, if a function f is 
analytic in a domain D then, by assumption, f possesses a derivative 
at each point in D. We will see in Section 5.5 that this fact alone 
guarantees that f possesses higher-order derivatives at all points in 
D. Indeed, an analytic function f is infinitely differentiable in D. 


Fd 


(v) The definition of “analytic at a point a” in real analysis differs from 
the usual definition of that concept in complex analysis (Definition 
3.2). In real analysis, analyticity of a function is defined in terms of 
power series: A function y = f(z) is analytic at a point a if f has a 
Taylor series at a that represents f in some neighborhood of a. In 
view of Remark (iv), why are these two definitions not really that 
different? 


(vi) As in real calculus, it may be necessary to apply L’H6pital’s rule 
several times in succession to calculate a limit. In other words, if 
f(2o), 9(20), f’ (Zo), and g’(Zo) are all zero, the limit lim f(z)/g(z) 

Z— Zo 
may still exist. In general, if f, g, and their first n — 1 derivatives 
are zero at z and g\”)(z9) #0, then 


FQ) _ Fe) 


1m = . 
220 g(z) — g'™) (zp) 


DDG DOM DS SF Answers to selected odd-numbered problems begin on page ANS-12. 


In Problems 1-6, use (1) of Definition 3.1 to find f’(z) for the given function. 


1. f(z) =9iz+2- 31 2. f(z) = 1527 -4241-3: 
3. f(z) = iz — 72? 4. f(z)= 
5. f(z)=2- _ 6. f(z) =—-27? 


z 


In Problems 7-10, use the alternative definition (12) to find f’(z) for the given 
function. 
7. f(z) =527-10z4+8 8. f(z) =2° 


9. f(z) =2*- 2? 10. f(z) = — 
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In Problems 11-18, use the rules of differentiation to find f’(z) for the given function. 
11. f(z) =(2-a)22 +izt— 327 40% = 12. f(z) = 5(iz)® — 102? +3 — 43 
13. f(z) = (2° —1)(2? —z+1-5i) 14. f(z) = (2? +22 7i)?(2* — 4iz)? 


15. f(z) = fe 16. f(z) = —biz? + aa 
A+ 2i ° 
17. f(z) = (24 — 2iz? + 2)" 18. f(z) = (es) 


19. The function f(z) = |z|? is continuous at the origin. 
(a) Show that f is differentiable at the origin. 
(b) Show that f is not differentiable at any point z 4 0. 
20. Show that the function 
0, z=0 
f(Z= a — y? ety 
x2 + y? Tp? y 


is not differentiable at z = 0 by letting Az — 0 first along the x-axis and then 
along the line y = x. 


In Problems 21 and 22, proceed as in Example 3 to show that the given function is 
nowhere differentiable. 


21. f(z) =2Z 22. f(z) =|z| 
In Problems 23-26, use L’H6pital’s rule to compute the given limit. 
% ig 44 
23. lim 27" 24, tim, 
zi zl4 4] zoV24+V3i 22 — 2/2244 
5 3 24 
Ss fee eG: iim ge 
zolti 22 — 2Qz + 2 ZIV 2% 2 a 223 


In Problems 27-30, determine the points at which the given function is not analytic. 


ae ie 3 
27. f(z)= aie 28. f(z) = —5iz? + — 
1 A4+ 25 3 
29. f(z) = (e _ Qiz? + z) o 30. f(z) = tart 


[Focus on Concepts| on Concepts 


31. Suppose f’(z) exists at a point z. Is f’(z) continuous at z? 


32. (a) Let f(z) = z*. Write down the real and imaginary parts of f and f’. What 
do you observe? 


(b) Repeat part (a) for f(z) = 3124 2. 


(c) Make a conjecture about the relationship between real and imaginary parts 
of f versus f’. 
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33. In this problem you are guided through the start of the proof of the proposition: 


If functions f and g are analytic at a point zo and f(zo) = 0, g(zo) = 0, 
/ 

but g' (zo 0, then lim F(z) = f (20) 

(20) £0, then J lz) — oe) 


Proof We begin with the hypothesis that f and g are analytic at a point zo. 
Analyticity at zo implies f and g are differentiable at zo. Hence from (12) both 
limits, 


and g'(z0) = lim g(z) — g(20) 


Zz Z— 20 ZZ Z— 20 


exist. But since f(zo) = 0, g(zo) = 0, the foregoing limits are the same as 


f'(z) = lim Bick and g'(zo) = lim g(2) : 
Zz Z— ZO ZZ Z— ZO 
f(z) 


Now examine lim and finish the proof. 


ZZ g MA 


34. In this problem you are guided through the start of the proof of the product 
rule. 


Proof We begin with the hypothesis that f and g are differentiable at a point 
z; that is, each of the following limits exist: 


(a) Justify the equality 


: im fet Azle + Ax) - Fal) 
qf @)a(2)] = Jim, << 
= lim, fet A) IG) 9, pAsy> FC ge + Aa) — 9) 


(b) Use Definition 2.9 to justify dim 92 + Az) = g(z). 
(c) Use Theorems 2.2(72) and 2.2(iii) to finish the proof. 


35. In Problem 21 you were asked to prove that f(z) = Z was nowhere differentiable. 
In the event you used the polar form of the complex number Az you may skip 
this problem. If you didn’t use Az = |Az| (cos@ + isin@), then continue. 


(a) If f(z) = Z, show that 
f(z+ Az) — f(z) . cos@— ising 


lim = lim ——. 
Az—0 Az Az—=0 cos? +isin0@ 


(b) Explain succinctly why the result in part (a) shows that f is nowhere 
differentiable. 
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3.2  Cauchy-Riemann Equations 


In the preceding section we saw that a function f of a complex variable z is analytic at a 
point z when f is differentiable at z and differentiable at every point in some neighborhood 
of z. This requirement is more stringent than simply differentiability at a point because a 
complex function can be differentiable at a point z but yet be differentiable nowhere else. 
A function f is analytic in a domain D if f is differentiable at all points in D. We shall 
now develop a test for analyticity of a complex function f(z) = u(a, y) + iv(a, y) that is 
based on partial derivatives of its real and imaginary parts u and v. 


A Necessary Condition for Analyticity 9iigirpioamococse 


we see that if a function f(z) = u(x, y)+iv(a, y) is differentiable at a point 
z, then the functions u and v must satisfy a pair of equations that relate their 
first-order partial derivatives. 


Theorem 3.4 Cauchy-Riemann Equations 


Suppose f(z) = u(x, y) + tvu(ax, y) is differentiable at a point z = x + ty. 
Then at z the first-order partial derivatives of u and v exist and satisfy 
the Cauchy-Riemann equations 


du _ dv 
Ox Oy 


Proof The derivative of f at z is given by 
Az) — 
f'(z) = lim Hee) F(z), 


Az—0 Az 


By writing f(z) = u(a, y) + ivu(a, y) and Az = Az + iAy, (2) becomes 


ula +Ax,y + Ay) + iv(e+ Az,y + Ay) — ula,y) — iv(a,y) 
Az—0 Aa + iAy 


- (3) 


Since the limit (2) is assumed to exist, Az can approach zero from any con- 
venient direction. In particular, if we choose to let Az — 0 along a horizontal 
line, then Ay = 0 and Az = Aw. We can then write (3) as 


A u(a + Aa, y) — u(x, y) + i[v(a + Az, y) — v(2, y)] 


/ = 
— tim Met Any) —ulay) 5 4 vet Av.y) ~v(a,9) 
Ar Ax As Ax 


The existence of f’(z) implies that each limit in (4) exists. These limits are 
the definitions of the first-order partial derivatives with respect to x of u and 
v, respectively. Hence, we have shown two things: both O0u/Ox and Ov/0x 
exist at the point z, and that the derivative of f is 


a) 0 
fa) =5 +5. (5) 
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We now let Az — 0 along a vertical line. With Av = 0 and Az = iAy, 
(3) becomes 


1) — i Ula, y+Ay)—ulz,y) | 4, v(e,y+Ay) — r(z,y) 
i at oe iy Pas iy 


. (6) 


In this case (6) shows us that Ou/Oy and Ov/Oy exist at z and that 


17.) .  ,Qu , Ov 
f= “ay Be (7) 


By equating the real and imaginary parts of (5) and (7) we obtain the pair of 
equations in (1). BSN 


Because Theorem 3.4 states that the Cauchy-Riemann equations (1) hold 
at z as a necessary consequence of f being differentiable at z, we cannot use 
the theorem to help us determine where f is differentiable. But it is important 
to realize that Theorem 3.4 can tell us where a function f does not possess a 
derivative. If the equations in (1) are not satisfied at a point z, then f cannot 
be differentiable at z. We have already seen in Example 3 of Section 3.1 that 
f(z) = « + 4iy is not differentiable at any point z. If we identify u = 2 and 
vu = 4y, then 0u/Ox = 1, Ov/Oy = 4, Ou/Oy = 0, and Ov/Ox = 0. In view of 


the two equations in (1) cannot be simultaneously satisfied at any point z. In 
other words, f is nowhere differentiable. 

It also follows from Theorem 3.4 that if a complex function f(z) = 
u(x, y)+iv(a, y) is analytic throughout a domain D, then the real functions u 
and v_ satisfy the Cauchy-Riemann equations (1) at every point 
in D. 


EXAMPLE 1 Verifying Theorem 3.4 


The polynomial function f(z) = 2?+z is analytic for all z and can be written as 
f(z) =2?-y?+24+i(2ry+y). Thus, u(x, y) = 2?-y?+2 and u(z, y) = 2ryt+y. 
For any point (a, y) in the complex plane we see that the Cauchy-Riemann 
equations are satisfied: 
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The contrapositive* form of the sentence preceding Example 1 is: 


Criterion for Non-analyticity 


If the Cauchy-Riemann equations are not satisfied at every point z in a 
domain D, then the function f(z) = u(x, y)+iu(a, y) cannot be analytic 
in D. 


| EXAMPLE 2. Using the Cauchy-Riemann Equations 


Show that the complex function f(z) = 2%? + y + i(y? — x) is not analytic at 
any point. 


Solution We identify u(x, y) = 2274+ y and u(2, y) = y? — x. From 


ia =4a and ee = 2y 
Ox Oy 
(8) 
a =1 and a =-1 
Oy Ox 


we see that Ou/Oy = —Ov/Ozx but that the equality Ou/Ox = Ov/Oy is satisfied 
only on the line y = 2%. However, for any point z on the line, there is no 
neighborhood or open disk about z in which f is differentiable at every point. 


We conclude that f is nowhere analytic. 


A Sufficient Condition for Analyticity Jap matoucoirccmaons 


Cauchy-Riemann equations do not ensure analyticity of a function f(z) = 
u(x, y) + iv(a, y) at a point z = x + iy. It is possible for the Cauchy- 
Riemann equations to be satisfied at z and yet f(z) may not be differentiable 
at z, or f(z) may be differentiable at z but nowhere else. In either case, f 
is not analytic at z. See Problem 35 in Exercises 3.2. However, when we 
add the condition of continuity to u and v and to the four partial derivatives 
Ou/Ox, Ou/Oy, Ov/Ox, and Ov/Oy, it can be shown that the Cauchy-Riemann 
equations are not only necessary but also sufficient to guarantee analyticity 
of f(z) = u(x, y) +iv(a, y) at z. The proof is long and complicated and so 
we state only the result. 


Theorem 3.5 Criterion for Analyticity 


Suppose the real functions u(a, y) and v(x, y) are continuous and have 


continuous first-order partial derivatives in a domain D. If u and v satisfy 
the Cauchy-Riemann equations (1) at all points of D, then the complex 
function f(z) = u(x, y) + iv(a, y) is analytic in D. 


*A proposition “If P, then Q” is logically equivalent to its contrapositive “If not Q, then 
not P.” 
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EXAMPLE 3 Using Theorem 3.5 


x . Yy 
u 

ae er ore a 

are continuous except at the point where 


For the function f(z) = the real functions u(z, y) = 


Hb 
—+— and v(2, = —-——; 
eye (x, y) a2 + ye 
x? +y? = 0, that is, at z = 0. Moreover, the first four first-order partial 
derivatives 


Ou y? — 2 Ou 2Qxry 

on GP By GP 
Ov 2xy Ov y? — x? 

on ee Oy GP 


are continuous except at z = 0. Finally, we see from 


Ou y? — x? _ Ov and Ou Qary _ Ov 
Ox (x? +y?)2 Oy Oy —s- (a2 +y?)2 Or 


that the Cauchy-Riemann equations are satisfied except at z = 0. Thus we 
conclude from Theorem 3.5 that f is analytic in any domain D that does not 


contain the point z = 0. 


The results in (5) and (7) were obtained under the basic assumption that 
f was differentiable at the point z. In other words, (5) and (7) give us a 
formula for computing the derivative f’(z): 


i= Ox * os Oy ‘ay (9) 


For example, we already know from part (i) of Theorem 3.1 that f(z) = z? is 
entire and so is differentiable for all z. With u(x, y) = 2? — y?, Ou/Ox = 2z, 
u(x, y) = 2xy, and Ov/Oy = 2y, we see from (9) that 


f'(z) = 2x + i2y = 2(a@ + iy) = 2z. 


Recall that analyticity implies differentiability but not conversely. Theorem 
3.5 has an analogue that gives the following criterion for differentiability. 


Sufficient Conditions for Differentiability 


If the real functions u(a,y) and v(x, y) are continuous and have continu- 
ous first-order partial derivatives in some neighborhood of a point z, and 
if u and v satisfy the Cauchy-Riemann equations (1) at z, then the com- 
plex function f(z) = u(x, y) +tu(a, y) is differentiable at z and f'(z) is 
given by (9). 
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EXAMPLE 4 A Function Differentiable on a Line 


In Example 2 we saw that the complex function f(z) = 22? + y + i(y? — 2) 
was nowhere analytic, but yet the Cauchy-Riemann equations were satisfied 
on the line y = 22. But since the functions u(x, y) = 247 + y, Ou/Ox = 42, 
Ou/Oy =1, v(z, y) = y2 — 2, Ov/Ox = —1 and Ov/dy = 2y are continuous at 
every point, it follows that f is differentiable on the line y = 2x. Moreover, 
from (9) we see that the derivative of f at points on this line is given by 


f(z) = 4a —1 = 2y -1. 


The following theorem is a direct consequence of the Cauchy-Riemann 
equations. Its proof is left as an exercise. See Problems 29 and 30 in Exercises 
3.2. 


Theorem 3.6 Constant Functions 


Suppose the function f(z) = u(x, y) +tu(a, y) is analytic in a domain D. 


(i) If |f (z)| is constant in D, then so is f(z). 


(a) If f’(z) =0 in D, then f(z) =c in D, where c is a constant. 


IMejlzie (@fereyverseetee-) In Section 2.1 we saw that a complex function 


can be expressed in terms of polar coordinates. Indeed, the form f(z) = 
u(r, 8) + tv(r, 0) is often more convenient to use. In polar coordinates the 
Cauchy-Riemann equations become 

Ou _10v_ Ov 1 Ou 


dr roo’ or roe (10) 


The polar version of (9) at a point z whose polar coordinates are (r, 0) is 


then 
 [ Ou Ov 1 _.4 f Ov Ou 
Vea, oe —10 Lj = -—i0 { ; 
pss (F a) re (5 ss) 


See Problems 33 and 34 in Exercises 3.2. 


Comparison with Real Analysis 


In real calculus, one of the noteworthy properties of the exponential func- 
tion f(x) = e” is that f’(x) = e”. In (3) of Section 2.1 we gave the def- 
inition of the complex exponential f(z) = e*. We are now in a position 
to show that f(z) = e* is differentiable everywhere and that this complex 
function shares the same derivative property as its real counterpart, that 
is, f'(z) = f(z). See Problem 25 in Exercises 3.2. 
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DDG DCMS DS 8FY7 Answers to selected odd-numbered problems begin on page ANS-13. 


In Problems 1 and 2, the given function is analytic for all z. Show that the Cauchy- 
Riemann equations are satisfied at every point. 


1. f(z)=23 2. f(z) = 322 + 52-64 
In Problems 3-8, show that the given function is not analytic at any point. 
3. f(z) = Re(z) 4. f(z) =ytia 
5. f(z) =42-6243 6. f(z) =7 
2 2 x oY 
7. f(z)=a ty 8. fe)= aR Map 


In Problems 9-16, use Theorem 3.5 to show that the given function is analytic in 
an appropriate domain. 


9. f(z)=e “cosy—ie “siny 

10. f(z) =x+sinzcoshy + i(y + cosa sinh y) 
2,2 a oe 

11. f(z) =e" % cos2xry+ie” ~% sin2xry 

12. f(z) = 4a? + 5a — 4y? + 9+ i(8ry + 5y — 1) 

z-—1 . Yy 
13. = 
Fl (w-1)?+y? ‘@—l?+y 

3 2 2 3 

i fo eg 
x+y x+y? 

15. f(z _ cos@ __ sin? 
r r 

16. f(z) =5rcos@ +r* cos 46 + i(5rsin@ + r* sin 46) 


In Problems 17 and 18, find real constants a, b, c, and d so that the given function 
is analytic. 


17. f(z) =3¢—y+5+i(ax + by — 3) 
2 


18. f(z) =a? + avy + by? + i(cx? + dry + y’) 


In Problems 19-22, show that the given function is not analytic at any point but is 
differentiable along the indicated curve(s). 


19. f(z) =a? +y? 4 2ixy; x-axis 


20. f(z) = 32y? — 6ix*y?; coordinate axes 


) 
21. f(z) = 2° 4+ 32y? — 2 + i(y® + 327y — y); coordinate axes 
22. f(z) =a? -—a+ytily’?—5y—2); y=rt2 


23. Use (9) to find the derivative of the function in Problem 9. 
24. Use (9) to find the derivative of the function in Problem 11. 


25. In Section 2.1 we defined the complex exponential function f(z) = e* in the 
following manner e* = e* cosy + ie” sin y. 


(a) Show that f(z) = e* is an entire function. 


(b) Show that f’(z) = f(z) 
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26. 


Show that |f’(z)|? = u2 + v2 = u2 + v2. 


[Focus on Concepts| on Concepts 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


Suppose u(z, y) and v(x, y) are the real and imaginary parts of an analytic 
function f. Can g(z) = v(a, y) + iu(xz, y) be an analytic function? Discuss 
and defend your answer with sound mathematics. 


Suppose f(z) is analytic. Can g(z) = f(z) be analytic? Discuss and defend 
your answer with sound mathematics. 


In this problem you are guided through the start of the proof of the proposition: 


If fis analytic in a domain D, and |f(z)| = c, where c is constant, 
then f is constant throughout D. 


Proof We begin with the hypothesis that | f(z)| = c. If f(z) = u(x, y)+iv(a, y) 
then |f(z)|? = c? is the same as u? + v? = c*. The partial derivatives of the 


last expression with respect to x and y are respectively 
2ut, + 2vvzg =O and 22uuy + 2vvy = 0. 


Complete the proof by using the Cauchy-Riemann equations to replace vz and 
vy in the last pair of equations. Then solve for uz and u, and draw a conclusion. 
Use the Cauchy-Riemann equations again and solve for vz and vy. 


In this problem you are guided through the start of the proof of the proposition: 


If f is analytic in a domain D, and f'(z) = 0, then f is constant 
throughout D. 


Proof We begin with the hypothesis that f is analytic in D and hence it is 
differentiable throughout D. Hence by (9) of this section and the assumption 
that f’(z) = 0 in D, we have f’(z) = . + ie = 0. Now complete the proof. 
Use the proposition in Problem 30 to show that if f and g are analytic and 
f(z) = g'(z), then f(z) = g(z) +c, where c is a constant. [Hint: Form 
h(z) = f(z) — g(2).] 

If f(z) and f (z) are both analytic in a domain D, then what can be said about 
f throughout D? 


Suppose x = rcos@, y=rsin6@, and f(z) = u(a, y) +iv(a, y). Show that 


Ou Ou Ou. Ou Ue, _ Ou 
a os cos 6 4 ay sin 0, 70 uy? in8 aye (12) 
Ov Ov Ov, Ov Ov, _ Ov 

and re Az 0089 + ao” 26 Agr sind | a (13) 


Now use (1) in the foregoing expressions for v, and vg. By comparing your re- 
sults with the expressions for uy and ug, deduce the Cauchy-Riemann equations 
in polar coordinates given in (10). 


Suppose the function f(z) = u(r, 0) + iv(r, @) is differentiable at a point z 
whose polar coordinates are (r, 6). Solve the two equations in (12) for uz and 
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then solve the two equations in (13) for vz. Then show that the derivative of f 
at (r, 0) is 


7 ee Ou | .Ov\ _ ig (Ou | Ov 
f (2) = (cos 0 — isin@) (+ ist) e (3 +i). 


35. Consider the function 


z 
24] z #0. 


(a) Express f in the form f(z) = u(x, y) + iv(a, y), 
(b) Show that f is not differentiable at the origin. 


(c) Show that the Cauchy-Riemann equations are satisfied at the origin. [Hint: 
Use the limit definitions of the partial derivatives 0u/Ox, Ou/Oy, Ov/Oz, 
and Ov/Oy at (0, 0).] 


3.3. Harmonic Functions 


In Section 5.5 we shall see that when a complex function f(z) = u(x, y) + v(x, y) is 
analytic at a point z, then all the derivatives of f: f’(z), f’(z), f/’(¢),... are also analytic 
at z. As a consequence of this remarkable fact, we can conclude that all partial derivatives 
of the real functions u(x, y) and v(a, y) are continuous at z. From the continuity of the 
partial derivatives we then know that the second-order mixed partial derivatives are equal. 
This last fact, coupled with the Cauchy-Riemann equations, will be used in this section to 
demonstrate that there is a connection between the real and imaginary parts of an analytic 
function f(z) = u(x, y) + iv(a, y) and the second-order partial differential equation 


OO 50@ 


This equation, one of the most famous in applied mathematics, is known as Laplace’s 
O? oO? 
equation in two variables. The sum as + as of the two second partial derivatives in (1) 
v y 
is denoted by V7¢ and is called the Laplacian of ¢. Laplace’s equation is then abbreviated 
as Vo — 0! 


A solution ¢(x,y) of Laplace’s equation (1) 


in a domain D of the plane is given a special name. 


Definition 3.3. Harmonic Functions 


A real-valued function @ of two real variables x and y that has continu- 


ous first and second-order partial derivatives in a domain D and satisfies 
Laplace’s equation is said to be harmonic in D. 


Harmonic functions are encountered in the study of temperatures and 
potentials. 
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Theorem 3.7. Harmonic Functions 


Suppose the complex function f(z) = u(x, y) + iv(z, y) is analytic in a 
domain D. Then the functions u(x, y) and v(a#, y) are harmonic in D. 


Proof Assume f(z) = u(z, y) + iv(z, y) is analytic in a domain D and that 
u and v have continuous second-order partial derivatives in D.* Since f is 
analytic, the Cauchy-Riemann equations are satisfied at every point z. Differ- 
entiating both sides of 0u/Ox = Ov/Oy with respect to x and differentiating 
both sides of 0u/Oy = —Ov/Ox with respect to y give, respectively, 


O7u O07 Oru OPV 
—= > — and ~~ =-~_. (2) 
Ox? = OxOY Oy? OyOr 


With the assumption of continuity, the mixed partials 0?v/Oxdy and 07u/Oy0x 
are equal. Hence, by adding the two equations in (2) we see that 


Ou du ‘i 
oe ae” or V~u=0. 


This shows that u(x, y) is harmonic. 

Now differentiating both sides of Ou/Ox = Ov/Oy with respect to y and 
differentiating both sides of Ou/Oy = —Ov/O0x with respect to x, give, in turn, 
d?u/dydx = 0?v/dy” and 0?u/Oxdy = —0?v/0?x. Subtracting the last two 
equations yields V7v = 0. SN 


| EXAMPLE 1 Harmonic Functions 


The function f(z) = 22 = 2? — y? + 2zyi is entire. The functions u(x, y) = 
x? — y? and u(x, y) = 2ry are necessarily harmonic in any domain D of the 


complex plane. 


isEzvwseteyss(om@reyehittex-incms dbsstegleyee We have just shown that if a 


function f(z) = u(x, y) + iv(a, y) is analytic in a domain D, then its real 
and imaginary parts u and v are necessarily harmonic in D. Now suppose 
u(x, y) is a given real function that is known to be harmonic in D. If it is 
possible to find another real harmonic function v(x, y) so that u and v satisfy 
the Cauchy-Riemann equations throughout the domain D, then the function 
v(az, y) is called a harmonic conjugate of u(x, y). By combining the func- 
tions as u(x, y) +iv(a, y) we obtain a function that is analytic in D. 


+The continuity of the second-order partial derivatives of u and v is not part of the 
hypothesis of the theorem. This fact will be proved in Chapter 5. 


3.3 Harmonic Functions 161 


| EXAMPLE 2. Harmonic Conjugate 


(a) Verify that the function u(x, y) = «?—3xy? —5y is harmonic in the entire 
complex plane. 


(b) Find the harmonic conjugate function of wu. 
Solution 


(a) From the partial derivatives 


2 2 
= 327 — 3y?, <4 = 62, oe 6xry — 5, a 6x 
xv 


we see that u satisfies Laplace’s equation 


Oru Ou 
ax Dy? = 6x — 6x = 0. 


(b) Since the conjugate harmonic function v must satisfy the Cauchy-Riemann 
equations 0v/Oy = Ou/Ox and Ov/Ox = —Ou/Oy, we must have 


— = 3x" —3y* and a = 6ry+ 5. (3) 


Partial integration of the first equation in (3) with respect to the variable 


y gives v(x, y) = 3a7y — y? + h(a). The partial derivative with respect to 
x of this last equation is 


0 

ae = 6ry + h'(2). 
When this result is substituted into the second equation in (3) we obtain 
h'(x) = 5, and so h(a) = 5a + C, where C is a real constant. Therefore, 
the harmonic conjugate of u is v(x, y) = 3a7y — y3 +52 +C. 


ee! 


In Example 2, by combining wu and its harmonic conjugate v as u(a#,y) + 
iv(x,y), the resulting complex function 


f(z) = 23 — 3ay” — 5y + i(3x? — y3 + 52 +C) 


is an analytic function throughout the domain D consisting, in this case, of the 
entire complex plane. In Example 1, since f(z) = 2? = x?—y?+2zyi is entire, 
the real function v(x, y) = 2zy is the harmonic conjugate of u(x, y) = 2?—-y?. 


See Problem 20 in Exercises 3.3. 
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Comparison with Real Analysis 


In this section we have seen if f(z) = u(x, y) + iv(a, y) is an analytic 
function in a domain D, then both functions u and v satisfy V7¢ = 0 
in D. There is another important connection between analytic functions 
and Laplace’s equation. In applied mathematics it is often the case that 
we wish to solve Laplace’s equation V?¢ = 0 in a domain D in the zy- 
plane, and for reasons that depend in a very fundamental manner on the 
shape of D, it simply may not be possible to determine ¢. But it may be 
possible to devise a special analytic mapping f(z) = u(z, y)+iv(a, y) or 


u=u(z,y), v=v(z,y), (4) 


from the xy-plane to the uv-plane so that D’, the image of D under 
(4), not only has a more convenient shape but the function ¢(a, y) that 
satisfies Laplace’s equation in D also satisfies Laplace’s equation in D’. 
We then solve Laplace’s equation in D’ (the solution ® will be a function 
of u and v) and then return to the ry-plane and ¢(a, y) by means of (4). 
This invariance of Laplace’s equation under the mapping will be utilized 
in Chapters 4 and 7. See Figure 3.2. 


Figure 3.2 A solution of Laplace’s equation in D is found by solving it in D’. 


DDG MOUS IS BPs) Answers to selected odd-numbered problems begin on page 000. 


In Problems 1-8, verify that the given function u is harmonic in an appropriate 


domain D. 
1. ula, y)=2 2. u(x, y) = 2x — 2ay 
3. u(z,y) =2?-—y? 4. u(a, y) = 2° — 3ay? 
5. u(a, y) = log. (x? + y”) 6. u(x, y) = cosxcoshy 
7. u(x, y) =e"(xcosy — ysiny) 8. u(x, y) =—e *siny 
9. For each of the functions u(x, y) in Problems 1, 3, 5, and 7, find u(a,y), the 
harmonic conjugate of u. Form the corresponding analytic function f(z) = 
u+iv. 
10. Repeat Problem 9 for each of the functions u(x, y) in Problems 2, 4, 6, and 8. 
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In Problems 11 and 12, verify that the given function u is harmonic in an appropriate 
domain D. Find its harmonic conjugate v and find analytic function f(z) = u+ iv 
satisfying the indicated condition. 


11. u(a,y) =cy+u4 2y; f(2t) = —-14 5i 


12. u(z,y) = 4ay? — 4da29y +a; f(1 +i) =544i 


13. (a) Show that v(x, y) = is harmonic in a domain D not containing 


x 
2 + y? 
the origin. 


(b) Find a function f(z) = u(x, y) + iv(a#, y) that is analytic in domain D. 
(c) Express the function f found in part (b) in terms of the symbol z. 


14. Suppose f(z) = u(r, 8) + iv(r, @) is analytic in a domain D not containing 
the origin. Use the Cauchy-Riemann equations (10) of Section 3.2 in the form 
Tur = ve and rv; = —ug to show that u(r,@) satisfies Laplace’s equation in 
polar coordinates: 


2 07u Ou OPu = 


"or? | ar * Be? 


0. (5) 


In Problems 15 and 16, use (5) to verify that the given function u is harmonic in a 
domain D not containing the origin. 


15. u(r, 0) =r? cos30 


10r? — sin 20 
[Focus on Concepts| on Concepts 
17. (a) Verify that u(x, y) = e* —¥” cos 2xy is harmonic in an appropriate 
domain D. 


(b) Find its harmonic conjugate v and find analytic function f(z) = u+iv sat- 
isfying f(0) = 1. [Hint: When integrating, think of reversing the product 
rule.] 


18. Express the function f found in Problem 11 in terms of the symbol z. 


1 
19. (a) Show that 4(2, y, z) = ——————= is harmonic, that is, satisfies Laplace’s 
/ 72 + y? + z2 
fu fu Ou 
equation { { 


Ox? * Oy? * Az? 


= 0 in a domain D of space not containing the 
origin. 


(b) Is the two-dimensional analogue of the function in part (a), ¢(a,y) = 
iL 


/ 2 + y? 
20. Construct an example accompanied by a brief explanation that illustrates the 
following fact: 


, harmonic in a domain D of the plane not containing the origin? 


If v is a harmonic conjugate of u in some domain D, then u is, in 
general, not a harmonic conjugate of v. 


21. If f(z) =u(a, y)+iv(2, y) is an analytic function in a domain D and f(z) £0 
for all z in D, show that (x, y) = log, |f(z)| is harmonic in D. 
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Figure 3.3 Tangents L; and Lg at 
point of intersection zg are 


perpendicular. 


(x, Y) = Vp 
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22. In this problem you are guided through the start of the proof of the proposition: 


If u(x, y) ts a harmonic function and v(x, y) is its harmonic con- 
jugate, then the function ¢(a, y) = u(x, y)u(x, y) is harmonic. 


Proof Suppose f(z) = u(x, y) +iv(a, y) is analytic in a domain D. We saw 
in Section 3.1 that the product of two analytic functions is analytic. Hence 
[f(z)]* is analytic. Now examine [f(z)]? and finish the proof. 


3.4 Applications 


In Section 3.3 we saw that if the function f(z) = u(a, y)+iv(a, y) is analytic in a domain D, 
then the real and imaginary parts of f are harmonic; that is, both wu and v have continuous 
second-partial derivatives and satisfy Laplace’s equation in D: 

Ou Ou Oy Ov 
Conversely, if we know that a function u(az, y) is harmonic in D, we can find a unique (up 
to an additive constant) harmonic conjugate u(x, y) and construct a function f(z) that is 
analytic in D. 

In the physical sciences and engineering, Laplace’s partial differential equation is often 
encountered as a mathematical model of some time-independent phenomenon, and in that 
context the problem we face is to solve the equation subject to certain physical side con- 
ditions called boundary conditions. See Problems 11-14 in Exercises 3.4. Because of the 
link displayed in (1), analytic functions are the source of an unlimited number of solutions 
of Laplace’s equation, and we may be able to find one that fits the problem at hand. See 
Sections 4.5 and 7.5. This is just one reason why the theory of complex variables is so 
essential in the serious study of applied mathematics. 

We begin this section by showing that the level curves of the real and imaginary parts 
of an analytic function f(z) = u(a, y) + iv(x, y) are two orthogonal families of curves. 


Oyansteyxeystet@adeveessse-m = Suppose the function f(z) = u(z, y)+iv(z, y) 


is analytic in some domain D. Then the real and imaginary parts of f can be 
jihau used to define two families of curves in D. The equations 
X,Y) = Ug 


ua; y) = Cy and Ut :tt) = te, (2) 


where c, and cz are arbitrary real constants, are called level curves of u and 
v, respectively. The level curves (2) are orthogonal families. Roughly, this 
means that each curve in one family is orthogonal to each curve in the other 
family. More precisely, at a point of intersection z9 = %9 + iyo, where we shall 
assume that f’(zo) 4 0, the tangent line L; to the level curve u(x, y) = uo 
and the tangent line Lz to the level curve v(x, y) = vo are perpendicular. 
See Figure 3.3. The numbers ug and vg are defined by evaluating u and v 
at zo, that is, c. = u(xo, yo) = uo and cg = v(xo0, yo) = vo. To prove 
that LZ, and Lz are perpendicular at z) we demonstrate that the slope of one 
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tangent is the negative reciprocal of the slope of the other by showing that the 
product of the two slopes is —1. We begin by differentiating u(x, y) = uo and 
u(x, y) = Uo with respect to x using the chain rule of partial differentiation: 


Ou  Oudy 0 Ov Ov dy 


a and + ——= 


We then solve each of the foregoing equations for dy/dz: 


slope of a tangent to curve u(x, y) = ug slope of a tangent to curve u(x, y) = v9 


— oF 
dy Ou/0x dy Ov/Ox (3) 
dx Qu/Oy’ dx = Ov/dy’ 

At (to, yo) we see from (3), the Cauchy-Reimann equations u, = vy, 


Uy = —vz, and from f’(zo) # 0, that the product of the two slope functions is 


(Sir) Sir) ~ GSiras) Carrs) =F 


EXAMPLE 1 Orthogonal Families 


For f(z) = z? = 2?—y?4+2xryi we identify u(x, y) = 2?—y? and v(2, y) = 2zry. 
For this function, the families of level curves x? — y? = c, and 2xy = co are 
two families of hyperbolas. Since f is analytic for all z, these families are 
orthogonal. At a specific point, say, z9 = 2 +14 we find 27-17 =3 =c, and 
2(2)(1) = 4 = ce and two corresponding orthogonal curves are 2? — y? = 3 
and zy = 2. Inspection of Figure 3.4(a) shows x? — y? = 3 in color and xy = 2 
in black; the curves are orthogonal at zo = 2+ 7% (and at —2 —i, by symmetry 
of the curves). In Figure 3.4(b) both families are superimposed on the same 
coordinate axes, the curves in the family x? — y? = c, are drawn in color 
whereas the curves in family 2~y = ce are in black. 


y y 
(2, 1) 
: $- x x 


(a) Curves are orthogonal at points (b) Families x? - y? = c, and 
of intersection 2xYy = Cy 


Figure 3.4 Orthogonal families 


@ceehamma Asano In vector calculus, if f(z, y) is a differentiable scalar 


function, then the gradient of f, written either grad f or Vf (the symbol 
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Level curve 
fx, y) =¢ 
Tangent 


Vf(Xo, Yo) 


Figure 3.5 Gradient is perpendicular 


to level curve at (xo, yo) 


Note 


Es 
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V is called a nabla or del), is defined to be the two-dimensional vector 


a of 


As shown in color in Figure 3.5, - ceeeaicet vector Vf(2o, yo) at a point 
(29, Yo) is perpendicular to the level curve of f(a, y) passing through that 
point, that is, to the level curve f(x, y) = co, where co = f(20, yo). To 
see this, suppose that x = g(t), y = h(t), where rp = g(to), yo = h(to) 
are parametric equations for the curve f(x, y) = co. Then the derivative of 
f(a(t), y(t)) = co with respect to ¢ is 


Ofdx Of dy _ 
This last result is the dot product of (5) with the tangent vector r/(t) = x’(t)i+ 
y' (t)j. Specifically, at t = to, (6) shows that if r’(to) #4 0, then 
Vif (20, ¥o) -r’(to) = 0. This means that Vf is perpendicular to the level 


curve at (20, Yo). 


(@selehtcymm™ (kee §=6As discussed in Section 2.7, in complex analysis 
two-dimensional vector fields F(a, y) = P(x, y)it+ Q(a, y)j, defined in some 
domain D of the plane, are of interest to us because F can be represented 
equivalently as a complex function f(z) = P(x, y) +iQ(a, y). Of particular 
importance in science are vector fields that can be written as the gradient of 
some scalar function @ with continuous second partial derivatives. In other 


words, F(x, y) = P(x, y)it+ Q(a, y)j is the same as 
0 0 
P(a,y) = Vo= Feit 85, (7) 
where P(x,y) = 0¢/0x and Q(x, y) = 0¢/Oy. Such a vector field F is 


called a gradient field and ¢ is called a potential function or simply the 
potential for F. Gradient fields occur naturally in the study of electricity 
and magnetism, fluid flows, gravitation, and steady-state temperatures. In a 
gradient force field, such as a gravitational field, the work done by the force 
upon a particle moving from position A to position B is the same for all paths 
between these points. Moreover, the work done by the force along a closed 
path is zero; in other words, the law of conservation of mechanical energy 
holds: kinetic energy + potential energy = constant. For this reason, gradient 
fields are also known as conservative fields. 

In the study of electrostatics the electric field intensity F due to a collec- 
tion of stationary charges in a region of the plane is given by F(a, y) = —V4, 
where the real-valued function ¢(2, y) is called the electrostatic potential. 
Gauss’ law asserts that the divergence of the field F, that is, V-F, is propor- 
tional to the charge density p, where p is a scalar function. If the region of the 
plane is free of charges, then the divergence of F is zero?: V-F = V-(—V¢) =0 
or V?¢ = 0. In other words: The potential function ¢ satisfies Laplace’s equa- 
tion and is therefore harmonic in some domain D. 


=The electrostatic potential is then due to charges that are either outside the charge-free 
region or on the boundary of the region. 


Lines of force 
Y= Cy 


potential 9Ses 


1 A 
Equipotential curves aa 


g=Cy 


Figure 3.6 Electric field 


Equipotential curves 


g=c, 


Figure 3.7 Fluid flow 


y 
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Higher ss, Fi 

temperature 
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potential 
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temperature 


Figure 3.8 Flow of heat 
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(Ofeyutoralmensnistim In general, if a potential function ¢(z, y) satis- 


fies Laplace’s equation in some domain D, it is harmonic, and we know from 
Section 3.3 that there exists a harmonic conjugate function w(a, y) defined 
in D so that the complex function 


is analytic in D. The function Q(z) in (8) is called the complex potential 
corresponding to the real potential ¢. As we have seen in the initial discussion 
of this section, the level curves of ¢ and w are orthogonal families. The level 
curves of ¢, d(x, y) = c1, are called equipotential curves—that is, curves 
along which the potential is constant. In the case in which @ represents 
electrostatic potential, the electric field intensity F must be along the family 
of curves orthogonal to the equipotential curves because the force of the field 
is the gradient of the potential ¢, F(z, y) = —V¢@, and as demonstrated in 
(6), the gradient vector at a point (xo, yo) is perpendicular to a level curve of 
@ at (xo, yo). For this reason the level curves ~(#, y) = cz, curves that are 
orthogonal to the family ¢(a, y) = c1, are called lines of force and are the 
paths along which a charged particle will move in the electrostatic field. See 
Figure 3.6. 


In fluid mechanics a flow is said to be two-dimensional 
or a planar flow if the fluid (which could be water, or even air, moving at 
slow speeds) moves in planes parallel to the zy-plane and the motion and 
physical properties of the fluid in each plane is precisely the same manner as 
it is in the zy-plane. Suppose F(z, y) is the two-dimensional velocity field of 
a nonviscous fluid that is incompressible, that is, a fluid for which div F = 
0 or V- F = 0. The flow is irrotational if curl F = 0 or V x F=0.8 An 
incompressible fluid whose planar flow is irrotational is said to be an ideal 
fluid. The velocity field F of an ideal fluid is a gradient field and can be repre- 
sented by (7), where ¢ is a real-valued function called a velocity potential. 
The level curves ¢(a, y) = ci are called equipotential curves or simply 
equipotentials. Moreover, ¢ satisfies Laplace’s equation because div F = 0 
is equivalent to V-F = V- (V¢) = 0 or V7¢ = 0 and so ¢ is harmonic. The 
harmonic conjugate (a, y) is called the stream function and its level curves 
w(x, y) = cp are called streamlines. Streamlines represent the actual paths 
along which particles in the fluid will move. The function Q(z) = ¢(x, y) + 
iw(a, y) is called the complex velocity potential of the flow. See Fig- 
ure 3.7. 


Isfigemlewe Finally, if d(z, y) represents time-independent or steady- 


state temperature that satisfies Laplace’s equation, then the level curves 
d(x, y) = c, are curves along which the temperature is constant and are 


¢ called isotherms. The level curves w(x, y) = cy of the harmonic conjugate 


function of ¢@ are the curves along which heat flows and are called flow lines 
or flux lines. See Figure 3.8. 


8 We will discuss fluid flow in greater detail in Section 5.6. 
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Table 3.1 summarizes some of the applications of the complex potential 
function Q(z) and the names given to the level curves 


O(a, y) = C1 and (a, y) = C2. 


Application | Level curves ¢(x, y) =c; | Level curves w (2, y) = co 
electrostatics | equipotential curves lines of force 

fluid flow equipotential curves streamlines of flow 
gravitation | equipotential curves lines of force 

heat flow isotherms lines of heat flux 


Table 3.1 Complex potential function Q(z) = o(a, y) + iW(a, y) 


Dyietealicimm@esnele(esecm A classical and important problem in applied 


mathematics involving Laplace’s equation is illustrated in Figure 3.9 and put 
into words next. 


Dirichlet Problem 


Suppose that D is a domain in the plane and that g is a function defined 
on the boundary C of D. The problem of finding a function ¢(x, y), which 
satisfies Laplace’s equation in D and which equals g on the boundary C 
of D is called a Dirichlet problem. 


Such problems arise frequently in the two-dimensional modeling of electro- 
statics, fluid flow, gravitation, and heat flow. 

In the next example we solve a Dirichlet problem. Although the problem 
is quite simple, its solution will aid us in the solution of another problem in 
Section 4.5. 


Figure 3.10 Figure for Example 2 


EXAMPLE 2. A Simple Dirichlet Problem 


Solve the Dirichlet problem illustrated in Figure 3.10. The domain D is a 
vertical infinite strip defined by —1 < # < 1, —co < y < ow; the boundaries 
of D are the vertical lines x = —1 and «= 1. 


Solution The Dirichlet problem in Figure 3.10 is: 


ro Oo 
Solve: a2? By? -l<a2<l, —o <y<o. (9) 
Subject to: o(-1,y) = ko, o(1,y) _ ky, wc yo, (10) 


where kg and ky, are constants. 
The shape of D along with the fact that the two boundary conditions 
are constant suggest that the function ¢ is independent of y; that is, it is 
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reasonable to try to seek a solution of (9) of the form ¢(a). With this latter 
assumption, Laplace’s partial differential equation (9) becomes the ordinary 
differential equation d?¢/ dx” =0. Integrating twice gives the general solution 
(a) = ax+b. The boundary conditions enable us to solve for the coefficients a 
and b. In particular, from ¢(—1) = ko and ¢(1) = ki we must have a(—1)+b = 
ko and a(1) + b = ky, respectively. Adding the two simultaneous equations 
gives 2b = kg + ki, whereas subtracting the first equation from the second 
yields 2a = k, — ko. These two results give us a and bD: 

a and a= 1 = ko 

2 2 


b 


Therefore, we have the following solution of the given Dirichlet problem 


In Section 4.5, for purposes that will [pep _ 
be clear there, solution (11) will be o(x) = ky — ko | ki + ko (11) 
denoted as ¢(a, y). 2 2 


——————————— 


The problem in Example 2 can be interpreted as the determination the 
electrostatic potential @ between two infinitely long parallel conducting plates 
that are held at constant potentials. Since it satisfies Laplace’s equation in 
D, ¢@ is a harmonic function. Hence a harmonic conjugate ~ can be found 
as follows. Because ¢ and w must satisfy the Cauchy-Riemann equations, we 


have: 
Ow Odd k—ko OW Og 
a = and —=-—=0 

Oy Ox 2 Ox Oy 

The second equation indicates that w is a function of y alone, and so integrat- 
y ing the first equation with respect to y we obtain: 
ky — ko 
vy) = Sy, 
g=hy oe where, for convenience, we have taken the constant of integration to be 0. 
x From (8), a complex potential function for the Dirichlet problem in Example 
= : 2 is then Q(z) = o(x) + i(y), or 


ki —k kitko  .ki—k 
gS a, i a ge 


Q(z) 5 2 5 i> 


The level curves of ¢ or equipotential curves* are the vertical lines x = cy; 
shown in color in Figure 3.11, and the level curves of w or the lines of force 
are the horizontal line segments y = cz shown in black. The figure clearly 
and lines of force for Example 2 shows that the two families of level curves are orthogonal. 


Figure 3.11 The equipotential curves 


*The level curves of ¢ are ¢(x) = Ci or 4 (ki —ko)a+ 4 (ki + ko) = Cy. Solving for 
x gives ¢ = (C1 _ $ky _ ko)/$ (ki — ko). Set the constant on the right side of the last 
equation equal to c,. 
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a) 9= 20. 


. ¢=107 


Figure 3.12 Figure for Problem 12 
y 


@ =30 
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Figure 3.13 Figure for Problem 13 
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In Section 4.5 and in Chapter 7 we shall introduce a method which enables 
us to solve Dirichlet problems using analytic mappings. 


DGD NOMS DS BFZ5 Answers to selected odd-numbered problems begin on page ANS-13. 


In Problems 1—4, identify the two families of level curves defined by the given analytic 
function f. By hand, sketch two curves from each family on the same coordinate 


axes. 
1. f(z) =2iz-34% 2. f(z) =(z-1)? 
8. f(e)=+ 4. fle)azte 


In Problems 5-8, the given analytic function f(z) = u + iv defines two families of 
level curves u(a, y) = ci and v(x, y) = ce. First use implicit differentiation to 
compute dy/dzx for each family and then verify that the families are orthogonal. 


5. f(z) =a — 2a? + Qy? + ily — dry) 
6. f(z) =a — 8ay? + i(3a?y — y?) 


7. f(z)=e *cosy—ite *siny 


ai y 
8. =2+4 t 
fe)=0+ 525 +i(v- 54s) 


In Problems 9 and 10, the given real-valued function ¢ is the velocity potential for 


the planar flow of an incompressible and irrotational fluid. Find the velocity field F 
of the flow. Assume an appropriate domain D of the plane. 


xv 
9. o(x,y) = ae 10. (a,y) = 5Alog, (27 +(y+1)?), A>0 


11. (a) Find the potential ¢ if the domain D in Figure 3.10 is replaced by 0 < x < 1, 
—oo < y < oo, and the potentials on the boundaries are $(0, y) = 50, 


ol, y) =0. 
(b) Find the complex potential Q(z). 
12. (a) Find the potential ¢ in the domain D between the two infinitely long con- 


ducting plates parallel to the z-axis shown in Figure 3.12 if the potentials 
on the boundaries are ¢(z, —1) = 10 and ¢(x, 2) = 20. 


(b) Find the complex potential Q(z). 
(c) Sketch the equipotential curves and the lines of force. 


13. The potential ¢(@) between the two infinitely long conducting plates forming 
an infinite wedge shown in Figure 3.13 satisfies Laplace’s equation in polar 
coordinates in the form 


ad 


age 


(a) Solve the differential equation subject to the boundary conditions 
(7/4) = 30 and ¢(0) = 0. 


Figure 3.14 Figure for Problem 14 
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(b) Find the complex potential Q(z). 
(c) Sketch the equipotential curves and the lines of force. 


14. The steady-state temperature $(r) between the two concentric circular con- 
ducting cylinders shown in Figure 3.14 satisfies Laplace’s equation in polar 
coordinates in the form 


(a) Show that a solution of the differential equation subject to the bound- 
ary conditions (a) = ko and ¢(b) = ki, where ko and k, are constant 
potentials, is given by ¢(r) = Alog.r + B, where 


ze ko — ki ee —ko log. 6 + ki log. a 
log. (a/b) log. (a/b) 


[Hint: The differential equation is known as a Cauchy-Euler equation.| 


(b) Find the complex potential Q(z). 


(c) Sketch the isotherms and the lines of heat flux. 


[Focus on Concepts on Concepts 


1 
15. Consider the function f(z) = z+ —. Describe the level curve u(x, y) = 0. 
z 


16. The level curves of u(x, y) = 2? — y* and u(x, y) = 2xy discussed in Example 
1 intersect at z = 0. Sketch the level curves that intersect at z = 0. Explain 
why these level curves are not orthogonal. 


17. Reread the discussion on orthogonal families on page 165 that includes the proof 
that the tangent lines L; and Lz are orthogonal. In the proof that concludes 
with (4), explain where the assumption f’(z0) 4 0 is used. 


18. Suppose the two families of curves u(x, y) = ci and v(x, y) = ce, are orthogonal 
trajectories in a domain D. Discuss: Is the function f(z) = u(x, y) + iv(a2, y) 
necessarily analytic in D? 


Computer Lab Assignments | Lab Assignments 


In Problems 19 and 20, use a CAS or graphing software to plot some representative 
curves in each of the orthogonal families u(#, y) = ci and u(x, y) = ce defined by 
the given analytic function first on different coordinate axes and then on the same 
set of coordinate axes. 


19. f(z)= Sal 


20. f(2) = yF (cos + isin) ,r>0, —1<O0<7 


21. The function Q(z) = A (< — *) , A > 0, is a complex potential of a two- 
Zz 
dimensional fluid flow. 


(a) Assume A = 1. Determine the potential function ¢(#, y) and stream 
function 7(2, y) of the flow. 


(b) Express the potential function ¢ and stream function w in terms of polar 
coordinates. 
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22. 


(c) Use a CAS or graphing software to plot representative curves from each 
of the orthogonal families ¢(r, 6) = c; and w(r, 8) = co on the same 
coordinate axes. 


The function Q(z) = log, | sii | 
Z- 


two-dimensional electrostatic field. 


1 
+ iArg (2 zi r) is a complex potential of a 
z— 


(a) Show that the equipotential curves ¢(a, y) = ci and the lines of force 
W(x, y) =. are, respectively 


(a — coth c1)? + y° =csch? c, and 27+ (y + cot c2)? = esc? co. 


Observe that the equipotential curves and the lines of force are both fam- 
ilies of circles. 


(b) The centers of the equipotential curves in part (a) are (coth c:, 0). Approx- 
imately, where are the centers located when ci — oo? When c; — —oo? 
Where are the centers located when c; — 0+? When c, > 07? 


(c) Verify that each circular line of force passes through z = 1 and through 
Z2=>=1. 


(d) Use a CAS or graphing software to plot representative circles from each 
family on the same coordinate axes. If you use a CAS do not use the 
contour plot application. 


CHAPTER 3 REVIEW QUIZ Answers to selected odd-numbered problems begin 
on page ANS-13. 


In Problems 1-12, answer true or false. If the statement is false, justify your answer 


by either explaining why it is false or giving a counterexample; if the statement is 


true, justify your answer by either proving the statement or citing an appropriate 


result in this chapter. 


1. 


2. 


3. 


10. 


If a complex function f is differentiable at point z, then f is analytic at z. 


¥y Lj x 
r+y? | v2 + y? 


The function is f(z) = differentiable for all z 4 0. 


The function f(z) = 2? + Z is nowhere analytic. 

The function f(z) = cosy — isiny is nowhere differentiable. 

There does not exist an analytic function f(z) = u(#, y)+%u(a, y) for which 
u (0, 9) = 9° + 50. 


The function u(z, y) = e* 


“ cos 2y is the real part of an analytic function. 
If f(z) =e” cosy + ie* siny, then f’(z) = f(z). 


If u(x, y) and v(#, y) are harmonic functions in a domain D, then the function 


Ou Ov [du Ov\. ¢ 
F(z) (F x) + 4 & =) is analytic in D. 


If g is an entire function, then f(z) = (iz? + z) g(z) is necessarily an entire 
function. 


The Cauchy-Riemann equations are necessary conditions for differentiability. 


Chapter 3 Review Quiz 173 


11. The Cauchy-Riemann equations can be satisfied at a point z, but the function 
f(z) = u(x, y) +iv(x, y) can be nondifferentiable at z. 


12. Ifthe function f(z) = u(x, y)+iv(a, y) is analytic at a point z, then necessarily 


the function g(z) = v(a, y) — iu(a, y) is analytic at z. 


In Problems 13-22, try to fill in the blanks without referring back to the text. 
1 


13. If = ——_———__, th ‘(z)= 
f2) = pea then #2) 
14. The function f(z) = Ee is not analytic at 


15. The function f(z) = (2— 2)? + i(y — 1)° is differentiable at z = 
16. For f(z) = 2a° + 3iy’, f’(a@+ ix?) = 

z—1 . y—l 

2 a= h 2 
(@-ly+Q-1y @-1+ty-)) 
domain D not containing the point z = 1+i. In D, f'(z) = 


17. The function f(z) = 5 is analytic in a 


18. Find an analytic function f(z) = log, /z? + y? + i ———_ in a domain D 
not containing the origin. 


19. The function f(z) is analytic in a domain D and f(z) =c+iv(a, y), where c 
is areal constant. Then f is a —_______ in D. 
_ 2 —4izt — 42° + 2? — diz + 4 
20. lim : ; = 
z>2i 524 — 20iz3 — 21z2 — 4iz +4 


21. u(x, y) = ci where u(x, y) = e * (xsiny — ycosy) and v(a, y) = ce where 
v(x, y) = —________ are orthogonal families. 


22. The statement “There exists a function f that is analytic for Re(z) > 1 and is 
not analytic anywhere else” is false because 


w=sinz 


The mapping w = sin z. See page 208. 
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Introduction In the last chapter we defined a 
class of functions that is of the most interest in 
complex analysis, the analytic functions. In this 
chapter we shall define and study a number of 
elementary complex analytic functions. In par- 
ticular, we will investigate the complex expo- 
nential, logarithmic, power, trigonometric, hy- 
perbolic, inverse trigonometric, and inverse hy- 
perbolic functions. All of these functions will 
be shown to be analytic in a suitable domain 
and their derivatives will be found to agree with 
their real counterparts. We will also examine 
how these functions act as mappings of the com- 
plex plane. The set of elementary functions will 
be a useful source of examples that will be used 
for the remainder of this text. 
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4.1 Exponential and Logarithmic Functions 


The real exponential and logarithmic functions play an important role in the study of real 
analysis and differential equations. In this section we define and study the complex ana- 
logues of these functions. In the first part of this section, we study the complex exponential 
function e*, which has already been introduced in Sections 1.6 and 2.1. One concept that 
has not been discussed previously but will be addressed in this section is the exponential 
mapping w = e’. In the second half of this section, we introduce the complex logarithm In z 
to solve exponential equations of the form e” = z. If x is a fixed positive real number, then 
there is a single solution to the equation eY = x, namely the value y = log, x. However, we 
will see that when z is a fixed nonzero complex number there are infinitely many solutions to 
the equation e” = z. Therefore, the complex logarithm In z is a “multiple-valued function” 
in the interpretation of this term given in Section 2.4. The principal value of the complex 
logarithm will be defined to be a (single-valued) function that assigns to the complex input 
z one of the multiple values of Inz. This principal value function will be shown to be an 
inverse function of the exponential function e* defined on a suitably restricted domain of 
the complex plane. We conclude the section with a discussion of the analyticity of branches 
of the logarithm. 


4.1.1 Complex Exponential Function 


Exponential Function and its Derivative AV Gityatl ace 


peating the definition of the complex exponential function given in Section 
2.1. 


Definition 4.1 Complex Exponential Function 


The function e* defined by 


e* =e" cosy +ie” siny 


is called the complex exponential function. 


One reason why it is natural to call this function the exponential function 
was pointed out in Section 2.1. Namely, the function defined by (1) agrees 
with the real exponential function when z is real. That is, if z is real, then 
z=a2-+ 02, and Definition 4.1 gives: 


e= +0 — 6 (cos0 + isin0) = e* (1 +7-0) =e*. (2) 


The complex exponential function also shares important differential prop- 
erties of the real exponential function. Recall that two important properties 
of the real exponential function are that e” is differentiable everywhere and 


d 

that ao = e* for all «. The complex exponential function e* has similar 
XL 

properties. 
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Theorem 4.1. Analyticity of e” 


The exponential function e* is entire and its derivative is given by: 


Proof In order to establish that e* is entire, we use the criterion for analyt- 
icity given in Theorem 3.5. We first note that the real and imaginary parts, 
u(x, y) = e* cosy and v(a, y) = e* siny, of e* are continuous real functions 
and have continuous first-order partial derivatives for all (x, y). In addition, 
the Cauchy-Riemann equations in u and v are easily verified: 


au ” cos a and oe e* sin as 
— Se = —_ _— = = — —— 
dx Y~ By ay YS ~ Ox 
Therefore, the exponential function e* is entire by Theorem 3.5. By (9) of 
0 
Section 3.2, the derivative of an analytic function f is given by f’(z) = 7 + 
0 
=. and so the derivative of e* is: 
Ox 
ks + i e* cos y + te” sin e BR 
_——* WA = — . 
dz Ox Ox . 2 


Using the fact that the real and imaginary parts of an analytic function 
are harmonic conjugates, we can also show that the only entire function f that 
agrees with the real exponential function e* for real input and that satisfies 
the differential equation {’(z) = f(z) is the complex exponential function e* 
defined by (1). See Problem 50 in Exercises 4.1. 


EXAMPLE 1 Derivatives of Exponential Functions 

Find the derivative of each of the following functions: 

(a) iz* (2? — e*) and (b) ev —(L+a)2+3, 

Solution (a) Using (3) and the product rule (4) in Section 3.1: 
d SA 2 Zz 2 A z ers) 2 z 
pl (2? — e*)] = iz* (2z — e*) + diz? (2* — e”) 

= 6iz® — izte” — 4iz3e*. 
(b) Using (3) and the chain rule (6) in Section 3.1: 


d je —GHe48] = p27 (144243 , (22-1-i). 


dz 


et 
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Modulus, Argument, and Conjugate [iguitaputecuiicmeyeaebetsrm 


and conjugate of the exponential function are easily determined from (1). If 
we express the complex number w = e* in polar form: 


w =e" cosy + ie” siny = r (cos 6 + isin), 


then we see that r = e” and 6 = y+2nrm, forn =0, +1,+2,... . Because r 
is the modulus and @ is an argument of w, we have: 


le*| = e* (4) 


and arg(e*) = y+ 2n7, n=0, +1,+2,.... (5) 


We know from calculus that e* > 0 for all real x, and so it follows from (4) 
that |e*| > 0. This implies that e* 4 0 for all complex z. Put another way, the 
point w = 0 is not in the range of the complex function w = e*. Equation (4) 
does not, however, rule out the possibility that e* is a negative real number. 
In fact, you should verify that if, say, z = 77, then e™ is real and e™ < 0. 

A formula for the conjugate of the complex exponential e* is found using 
properties of the real cosine and sine functions. Since the real cosine function 
is even, we have cos y = cos(—y) for all y, and since the real sine function is 
odd, we have — sin y = sin(—y) for all y, and so: 


xc—ty Zz 


e? =e" cosy — ie” siny = e” cos(—y) + ie” sin(—y) = e =e. 
Therefore, for all complex z, we have shown: 
e? =e’. (6) 


PN xcleetiom axejsematem In Theorem 4.1 we proved that differentiating 


the complex exponential function is, in essence, the same as differentiating 
the real exponential function. These two functions also share the following 
algebraic properties. 


Theorem 4.2 Algebraic Properties of e” 


If z; and zg are complex numbers, then 


Proof of (7) and (iz) (4) The proof of property (i) follows from the obser- 
vation that the complex exponential function agrees with the real exponential 
function for real input. That is, by (2), we have e°t? = e°, and we know 
that, for the real exponential function, e° = 1. 


: arb 
ez+47i 


. 27+ 
ez+2zi 


Persea aos A 
 —2rb 
ez-27i 
2 
—47 + 


Figure 4.1 The fundamental region of e” 
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(ii) Let 21 = 21 +%y1 and zg = x2 + %y2. By Definition 4.1, we have: 


21 


e*1e*? = (e*! cosy; + ie™! sin y1) (e*? cos y2 + te”? sin y2) 


= e™t*2 (cos y) COS Yo — Sin y sin y2) 


+ ie?! +”? (sin y, cos y2 + Cos y; sin y2) - 


Using the addition formulas for the real cosine and sine functions given on 
page 18 in Section 1.3, we can rewrite the foregoing expression as: 


e*1e%2 = e112 cos(y, + yo) + ie™ 1? sin(y1 + y2). (7) 


From (1), the right-hand side of (7) is e*+*2. Therefore, we have shown that 
e71e72 = e271 +72, za 


The proofs of Theorem 4.2(7i) and 4.2(iv) follow in a similar manner. 
See Problems 47 and 48 in Exercises 4.1. 


The most striking difference between the real and complex 
exponential functions is the periodicity of e*. Analogous to real periodic 
functions, we say that a complex function f is periodic with period T if 
f(z +T) = f() for all complex z. The real exponential function is not 
periodic, but the complex exponential function is because it is defined using 
the real cosine and sine functions, which are periodic. In particular, by (1) 
and Theorem 4.2(ii) we have e*+?7* = e*e?"" = e* (cos2m + isin27m). Since 
cos 27 = 1 and sin 27 = 0, this simplifies to: 


ez tent =e", (8) 


In summary, we have shown that: 


The complex exponential function e* is periodic with a pure imaginary 
period 271. 


That is, for the function f(z) = e*, we have f(z + 27i) = f(z) for all z. 

Because (8) holds for all values of z we also have e(@+27)+274 — e2+277, 
This fact combined with (8) implies that e*+4*’ = e*. Now by repeating this 
process we find that e?+?"™ = e* forn =0, +1, +2,... . Thus, —27i, 47i, 
677, and so on, are also periods of e*. Furthermore, if the complex exponential 
function e* maps the point z onto the point w, then it also maps the points 
z#2ni, +41, z+ 671, and so on, onto the point w. Thus, the complex 
exponential function is not one-to-one, and all values e* are assumed in any 
infinite horizontal strip of width 27 in the z-plane. That is, all values of the 
function e* are assumed in the set —oo < x < co, Yo < y < yo + 27, where yo 
is a real constant. In Figure 4.1 we divide the complex plane into horizontal 
strips obtained by setting yo equal to any odd multiple of z. If the point z is 
in the infinite horizontal strip —oo < x < oo, —m < y < 7, shown in color in 
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Figure 4.1, then the values f(z) = e”, f(z+2mi) = e*+?™, f(z—2mi) = e7- 2", 
and so on are the same. The infinite horizontal strip defined by: 


-wo<@n<mw, -tT<y<T, (9) 


is called the fundamental region of the complex exponential function. 


AM alem Dp-qoreyatcelgt-VM\VElejeybeteme Because all values of the complex ex- 


ponential function e* are assumed in the fundamental region defined by (9), 
the image of this region under the mapping w = e” is the same as the image of 
the entire complex plane. In order to determine the image of the fundamental 
region under w = e*, we note that this region consists of the collection of ver- 
tical line segments z(t) = a+it, —17 <t <7, where a is any real number. By 
(11) of Section 2.2, the image of the line segment z(t) = a+it, —7 <t <7, un- 
der the exponential mapping is parametrized by w(t) = e7 = e2+## = e%e"*, 
—m <t <7, and from (10) of Section 2.2 we see that w(t) defines a circle 
centered at the origin with radius e*. Because a can be any real number, 
the radius e® of this circle can be any nonzero positive real number. Thus, 
the image of the fundamental region under the exponential mapping consists 
of the collection of all circles centered at the origin with nonzero radius. In 
other words, the image of the fundamental region —co < 4 < «0, -T< y <7, 
under w = e* is the set of all complex w with w 4 0, or, equivalently, the set 
|w| > 0.* This agrees with our observation on page 178 that the point w = 0 
is not in the range of the complex exponential function. 

The mapping w = e* of the fundamental region is shown in Figure 4.2. 
Each vertical line segment shown in color in Figure 4.2(a) is mapped onto 
a circle show in black in Figure 4.2(b) by w = e*. As the x-intercept of a 
vertical line segment increases, the radius of its image increases. Therefore, 
the leftmost line segment maps onto the innermost circle, the middle line 


(a) Vertical line segments in the (b) Images of the line segments in 
fundamental region (a) are circles 


Figure 4.2 The image of the fundamental region under w = e* 


*This set is sometimes called the punctured complex plane. 


(a) Horizontal lines in the fundamental 


region 


= 


—4 


(b) Images of 


Figure 4.3 The ma 


the lines in (a) 


pping w = e* 


(a) Figure for Example 2 


Figure 4.4 The mapping w = e* 


4.1 Exponential and Logarithmic Functions 181 


segment maps onto the middle circle, and the rightmost line segment maps 
onto the outermost circle. 

There was nothing particularly special about using vertical line segments 
to determine the image of the fundamental region under w = e*. The image 
can also be found in the same manner by using, say, horizontal lines in the 
fundamental region. In order to see that this is so, consider the horizontal line 
y = b. This line can be parametrized by z(t) = t+7%b, —oo < t < ov, and so its 
image under w = e? is given by w(t) = e#) = e* + = ete’, —00 < t < co. 
Define a new parameter by s = e!, and observe that 0 < s < oo since 
—co < t < oo. Using the parameter s, the image is given by W(s) = 
e’s, 0 < s < 00, which, by (8) of Section 2.2, is the set consisting of all 
points w # 0 in the ray emanating from the origin and containing the point 
e’® = cosb + isinb. Thus, we have shown that the image of the horizontal 
line y = b under the mapping w = e? is the set of all points w 4 0 in the ray 
emanating from the origin and making an angle of b radians with the positive 
u-axis. The image can also be described by the equation arg(w) = b. We 
represent this property of the complex exponential mapping in Figure 4.3. 
Each of the horizontal lines shown in color in Figure 4.3(a) is mapped onto 
a ray shown in black in Figure 4.3(b). As the y-intercept of a horizontal line 
increases, the angle the image ray makes with the positive u-axis increases. 
Therefore, the bottom-most line maps onto the ray in the third quadrant, the 
middle line maps onto the ray in the first quadrant, and the top-most line 
maps onto the ray in the second quadrant. 

We now summarize these properties of exponential mapping. 


Exponential Mapping Properties 


(1) w = e* maps the fundamental region —co < & < wo, -—7 < YY <7, 
onto the set |w| > 0. 


(ii) w = e* maps the vertical line segment x =a, —m < y <7, onto the 
circle |w| = e*. 


(iit) w = e* maps the horizontal line y = b, —co < x < co, onto the ray 
arg(w) = b. 


| EXAMPLE 2. Exponential Mapping of a Grid 


Find the image of the grid shown in Figure 4.4(a) under w = e*. 


Solution The grid in Figure 4.4(a) consists of the vertical line segments 
x = 0, 1, and 2, -2 < y < 2, and the horizontal line segments 
y = —2, -1, 0, 1, and 2, 0 < x < 2. Using the property (ii) of the 
exponential mapping, we have that the image of the vertical line segment 
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(b) Image of the grid in (a) 


Figure 4.4 The mapping w = e* 


Note: log, x will be used to denote 
the real logarithm. 
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x=0, —2 < y < 2, is the circular arc |w| = e? = 1, —2 < arg(w) <2. na 
similar manner, the segments x = 1 and # = 2, —2 < y < 2, map onto the 
arcs |w| = e and |w| = e?, —2 < arg(w) < 2, respectively. By property (iii) of 
the exponential mapping, the horizontal line segment y = 0, 0 < x < 2, maps 
onto the portion of the ray emanating from the origin defined by arg(w) = 0, 
1 < |w| < e?. This image is the line segment from 1 to e? on the u-axis. The 
remaining horizontal segments y = —2, —1, 1, and 2 map in the same way 
onto the segments defined by arg(w) = —2, arg(w) = —1, arg(w) = 1, and 
arg(w) = 2, 1 < |w| < e?, respectively. Therefore, the vertical line segments 
shown in color in Figure 4.4(a) map onto the circular arcs shown in black in 
Figure 4.4(b) with the line segment « = a mapping onto the arc with radius 
e*. In addition, the horizontal line segments shown in color in Figure 4.4(a) 
map onto the black line segments in Figure 4.4(b) with the line segment y = b 
mapping onto the line segment making an angle of b radians with the positive 
u-axis. 


4.1.2 Complex Logarithmic Function 


In real analysis, the natural logarithm function Inz is often defined as an 
inverse function of the real exponential function e”. From this point on, 
we will use the alternative notation log, x to represent the real exponential 
function. Because the real exponential function is one-to-one on its domain R, 
there is no ambiguity involved in defining this inverse function. The situation 
is very different in complex analysis because the complex exponential function 
e* is not a one-to-one function on its domain C. In fact, given a fixed nonzero 
complex number z, the equation e” = z has infinitely many solutions. For 
example, you should verify that sri, Sri, and —3ni are all solutions to the 
equation e” = 7. To see why the equation e” = z has infinitely many solutions, 
in general, suppose that w = uw+iv is a solution of e” = z. Then we must have 
\e’| = |z| and arg(e”) = arg(z). From (4) and (5), it follows that e“ = |z| 
and v = arg(z), or, equivalently, u = log, |z| and v = arg(z). Therefore, given 
a nonzero complex number z we have shown that: 


If e” = z, then w = log, |z| + iarg(z). (10) 


Because there are infinitely many arguments of z, (10) gives infinitely many 
solutions w to the equation e” = z. The set of values given by (10) defines a 
multiple-valued function w = G(z), as described in Section 2.4, which is called 
the complex logarithm of z and denoted by Inz. The following definition 
summarizes this discussion. 


Definition 4.2 Complex Logarithm 


The multiple-valued function In z defined by: 


In z = log, |z| + targ(z) 


is called the complex logarithm. 
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Hereafter, the notation In z will always be used to denote the multiple- 
Note: Inz will be used to denote the gp valued complex logarithm. By switching to exponential notation z = re”? in 
comptes logasttnm: (11), we obtain the following alternative description of the complex logarithm: 


Inz = log. r+7(0+2n7), n=0, +1, +2,.... (12) 


From (10) we see that the complex logarithm can be used to find all 
solutions to the exponential equation e” = z when z is a nonzero complex 
number. 


| EXAMPLE 3 Solving Exponential Equations 


Find all complex solutions to each of the following equations. 
(a)e” =i (b) e”™=1+i% (c) e”=-2 


Solution For each equation e” = z, the set of solutions is given by w = In z 
where In z is found using Definition 4.2. 


(a) For z = i, we have |z| = 1 and arg(z) = 7/2 + 2nz. Thus, from (11) we 
obtain: 


w =Ini =log,1+i (5 +2nn). 


Since log, 1 = 0, this simplifies to: 


4 1 
jp er, n = 0,+1,42.. 
2 
Therefore, each of the values: 
im. 3m... On. 
W = sey a gah abe 


satisfies the equation e” = 7. The solutions to the equation e” = 7 given 
on page 182 correspond to the values of Ini for n = 0, 1, and —1. 


(b) For z = 1+4, we have |z| = V2 and arg(z) = 7/4+2nz. Thus, from (11) 
we obtain: 


w=In(1 +4) = log, V2 +i(4 +2nm). 


Because log, V2 = $ log, 2, this can be rewritten as: 


8 1 
w = 5 log, 24 ( “ Le ee 
Each value of w is a solution to e” = 1+. 
(c) Again we use (11). Since z = —2, we have |z| = 2 and arg(z) = 7+ 2nz, 
and so: 


w = In(—2) = log, 2+i(a7+2nz). 
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That is, 


w =log.2+(2n4+1)7i, n=0,+1,+2,.... 


Each value of w satisfies the equation e” = —2. 


——— 


|Moyeeveisevesttemmkelomipistes § Definition 4.2 can be used to prove that 


the complex logarithm satisfies the following identities, which are analogous 
to identities for the real logarithm. 


Theorem 4.3. Algebraic Properties of In z 
If z, and zg are nonzero complex numbers and n is an integer, then 


(i) In (2122) =Inz, + In z2 


(it) In (2) =Inz, —Inz9 
2 


(iii) Inz? =nIn zy. 


Proof of (i) By Definition 4.2, 


In z1 + In zg = log, |z1| + iarg (21) + log, |z2| + carg (22) 
= log, |z1| + log, |z2| + ¢ (arg (21) + arg (22)). (13) 


Because the real logarithm has the property log, a + log, b = log, (ab) for 
a > 0 and b > 0, we can write log, |z1z2| = log, |z1| + log, |z2|. Moreover, 
from (8) of Section 1.3, we have arg (z1) + arg (z2) = arg (z122). Therefore, 
(13) can be rewritten as: 


In z; + In zg = log, |z122| + darg (z1 22) = In (2122). za 


Proofs of Theorems 4.3(#) and 4.3(iii) are similar. See Problems 53 and 
54 in Exercises 4.1. 


Principal Value of a Complex Logarithm [ip tgepinvarcsotes 


to note that the complex logarithm of a positive real number has infinitely 
many values. For example, the complex logarithm 1n5 is the set of values 
1.6094 + 2n77, where n is any integer, whereas the real logarithm log, 5 has 
a single value: log.5 * 1.6094. The unique value of In5 corresponding to 
n = 0 is the same as the value of the real logarithm log, 5. In general, this 
value of the complex logarithm is called the principal value of the complex 
logarithm since it is found by using the principal argument Arg(z) in place of 
the argument arg(z) in (11). We denote the principal value of the logarithm 


Notation used throughout this text 


LI 
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by the symbol Lnz. Thus, the expression f(z) = Lnz defines a function, 
whereas, F(z) = In z defines a multiple-valued function. We summarize this 
discussion in the following definition. 


Definition 4.3. Principal Value of the Complex Logarithm 


The complex function Ln z defined by: 


Ln z = log, |z| + sArg(z) 


is called the principal value of the complex logarithm. 


We will use the terms logarithmic function and logarithm to refer to both 
the multiple-valued function In z and the function Ln z. In context, however, 
it should be clear to which of these we are referring. From (14), we see that 
the principal value of the complex logarithm can also be given by: 


ILnz=log,.r+i0, -~™@<0< rn. (15) 


EXAMPLE 4 Principal Value of the Complex Logarithm 
Compute the principal value of the complex logarithm Ln z for 
(a) z=i (b) z=1+2 (c) z=—2 


Solution In each part we apply (14) of Definition 4.3. 
(a) For z =i, we have |z| = 1 and Arg(z) = 7/2, and so: 
Lni = log, 1+ at 
However, since log, 1 = 0, this simplifies to: 
Lni= Fi. 
(b) For z = 1+ i, we have |z| = V2 and Arg(z) = 1/4, and so: 
Ln(1 +4) = log, V2 + no 
Because log, V2 = + log, 2, this can also be written as: 
Ln(1 +4) = ; log, 2+ vi ~ 0.3466 + 0.78544. 

(c) For z = —2, we have |z| = 2 and Arg(z) = 7, and so: 


Ln(—2) = log, 2 + 7i © 0.6931 + 3.14163. 
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Observe that each of the values found in parts (a)—(c) could have also 


been found by setting n = 0 in the expressions for In z from Example 3. 


Note: 1S It is important to note that the identities for the complex logarithm in 
Theorem 4.3 are not necessarily satisfied by the principal value of the com- 
plex logarithm. For example, it is not true that Ln(z,z2) =Ln z, + Ln 22 for 
all complex numbers z; and 22 (although it may be true for some complex 
numbers). See Problem 55 in Exercises 4.1. 


i iawars\wrcleMe hakyciac(sie dbbateinteyamm Because Ln z is one of the values of 


the complex logarithm In z, it follows from (10) that: 
el™ — 2 for all z £ 0. (16) 


This suggests that the logarithmic function Lnz is an inverse function of 
exponential function e*. Because the complex exponential function is not 
one-to-one on its domain, this statement is not completely accurate. Rather, 
the relationship between these functions is similar to the relationship be- 
tween the squaring function z? and the principal square root function z!/? = 
J/|zje4"8@/? defined by (7) in Section 2.4. The exponential function must 
first be restricted to a domain on which it is one-to-one in order to have a 
well-defined inverse function. In Problem 52 in Exercises 4.1, you will be 
asked to show that e* is a one-to-one function on the fundamental region 
-—0 <2 <0, —7 < y <7, shown in Figure 4.1. 

We now show that if the domain of e* is restricted to the fundamental 
region, then the principal value of the complex logarithm Ln z is its inverse 
function. To justify this claim, consider a point z = x+y in the fundamental 
region —oo < a@ < co, —7 < y <7. From (4) and (5), we have that |e*| = e* 
and arg (e*) = y+ 2n7, n an integer. Thus, y is an argument of e*. Since z is 
in the fundamental region, we also have —7 < y < a, and from this it follows 
that y is the principal argument of e*. That is, Arg(e*) = y. In addition, for 
the real logarithm we have log, e” = x, and so from Definition 4.3 we obtain: 


Lne’* = log, |e*| + iArg (e*) 


= log, e* + iy 
=2 ty: 
Thus, we have shown that: 
Lne*=zif -o<a<oo and -—am<y<r. (17) 


From (16) and (17), we conclude that Ln z is the inverse function of e* de- 
fined on the fundamental region. The following summarizes the relationship 
between these functions. 


Arg(z) > © 


“ 
. 


Arg(z) > -1 


Figure 4.5 Ln z is discontinuous at z = 0 


and on the negative real axis. 


Figure 4.6 Branch cut for fi 


x 
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Ln z as an Inverse Function of e” 


If the complex exponential function f(z) = e* is defined on the funda- 
mental region —co < &% < c0,-7 < y < 7, then f is one-to-one and 
the inverse function of f is the principal value of the complex logarithm 
jez) — lone 


Bear in mind that (16) holds for all nonzero complex numbers z, but 
(17) only holds if z is in the fundamental region. For example, for the point 
z=1+ ari, which is not in the fundamental region, we have: 


1 3 
Ln el t87#/2 — 4 — am Al+ 5. 


UNitkasteia~e The principal value of the complex logarithm Ln z is dis- 


continuous at the point z = 0 since this function is not defined there. This 
function also turns out to be discontinuous at every point on the negative 
real axis. This is intuitively clear since the value of Ln z a point z near the 
negative z-axis in the second quadrant has imaginary part close to 7, whereas 
the value of a nearby point in the third quadrant has imaginary part close 
to —m. See Figure 4.5. The function Lnz is, however, continuous on the 
set consisting of the complex plane excluding the nonpositive real axis. To 
see that this is so, we appeal to Theorem 2.3, which states that a complex 
function f(z) = u(x, y) + tv(a, y) is continuous at a point z = «4 iy if 
and only if both u and v are continuous real functions at (x, y). By (14), 
the real and imaginary parts of Ln z are u(x, y) = log, |z| = log, a? + y? 
and u(x, y) = Arg(z), respectively. From multivariable calculus we have that 
the function u(x, y) = log, \/z? + y? is continuous at all points in the plane 
except (0, 0) and from Problem 53 in Exercises 2.6 we have that the function 
u(a, y) = Arg(z) is continuous on the domain |z| > 0, —7 < arg(z) < 7. 
Therefore, by Theorem 2.3, it follows that Ln z is a continuous function on 
the domain 


|z| > 0, —a < arg(z) < 7a, (18) 
shown in gray in Figure 4.6. Put another way, the function f; defined by: 
fi(z) = log, r +70 (19) 


is continuous on the domain in (18) where r = |z| and 0 = arg(z). 

Since the function f; agrees with the principal value of the complex loga- 
rithm Ln z where they are both defined, it follows that f; assigns to the input 
z one of the values of the multiple-valued function F(z) = ln z. Using the ter- 
minology of Section 2.6, we have shown that the function f; defined by (19) is 
a branch of the multiple-valued function F(z) = In z. (Recall that branches of 
a multiple-valued function F’ are denoted by f,, f2, and so on.) This branch is 
called the principal branch of the complex logarithm. The nonpositive 
real axis shown in color in Figure 4.6 is a branch cut for f; and the point 
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z=0Oisa branch point. As the following theorem demonstrates, the branch 
fi is an analytic function on its domain. 


Theorem 4.4 Analyticity of the Principal Branch of In z 


The principal branch f; of the complex logarithm defined by (19) is an 
analytic function and its derivative is given by: 


fi(z) = - (20) 


Proof We prove that f; is analytic by using the polar coordinate analogue to 
Theorem 3.5 of Section 3.2. Because f; is defined on the domain given in (18), 
if z is a point in this domain, then we can write z = re’? with —7 < 0 < 7. 
Since the real and imaginary parts of f; are u(r,@) = log, r and v(r,6) = 0, 
respectively, we find that: 


aut dv _, 
Or or’ 00.” 
Ov Ou 

a and a9 7 


Thus, u and v satisfy the Cauchy-Riemann equations in polar coordinates 
(10) in Section 3.2: 


Ou 10v 4 Ov 1 Ou 


ar 100 Or. OO 
Because u, v, and the first partial derivatives of u and v are continuous at 
all points in the domain given in (18), it follows from Theorem 3.5 that fy is 
analytic in this domain. In addition, from (11) of Section 3.2, the derivative 
of f; is given by: 


(2) = e- Oe ag a | 
14) e Or Or) reo z S 


Because f;(z) = Ln z for each point z in the domain given in (18), it 
follows from Theorem 4.4 that Ln z is differentiable in this domain, and that 
its derivative is given by f{. That is, if |z| > 0 and —7 < arg(z) < 7 then: 


d 


ee 


(21) 


ey | 


EXAMPLE 5 Derivatives of Logarithmic Functions 


Find the derivatives of the following functions in an appropriate domain: 


(a) zLnz and (b) Ln(z+1). 
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Solution (a) From the differentiation rules of Section 3.1 we have that the 
function zLn z is differentiable at all points where both of the functions z and 
Ln z are differentiable. Because z is entire and Ln z is differentiable on the 
domain given in (18), it follows that zLn z is differentiable on the domain 
defined by |z| > 0, —a < arg(z) < a. In this domain the derivative is given 
by the product rule (4) of Section 3.1 and (21): 


9 iia = 2: ne 1-Lnz=1+Lnz. 
dz Zz 
(b) The function Ln(z + 1) is a composition of the functions Ln z and z +1. 
Because the function z+1 is entire, it follows from the chain rule that Ln(z+1) 
is differentiable at all points w = z+1 such that |w| > 0 and —7 < arg(w) < 7. 
In other words, this function is differentiable at the point w whenever w does 
c ¥ not lie on the nonpositive real axis. To determine the corresponding values 
of z for which Ln(z + 1) is not differentiable, we first solve for z in terms of 
w to obtain z = w—1. The equation z = w — 1 defines a linear mapping of 
the w-plane onto the z-plane given by translation by —1. Under this mapping 


the nonpositive real axis is mapped onto the ray emanating from z = —1 and 
containing the point z = —2 shown in color in Figure 4.7. Thus, if the point 
Figure 4.7 Ln(z +1) is not differentiable |W = 2+ 1 is on the nonpositive real axis, then the point z is on the ray shown 
on the ray shown in color. in Figure 4.7. This implies that Ln(z+ 1) is differentiable at all points z that 
are not on this ray. For such points, the chain rule gives: 
d 1 1 
ae a z+1 hax z+1 


a C*EN 


| Doyee-Veinevestom@\Uktejyeyseteas = ‘The complex logarithmic mapping w = Ln z 


can be understood in terms of the exponential mapping w = e” since these 
functions are inverses of each other. For example, because w = e* maps the 
fundamental region —oo < x < oo, —m < y < 7, in the z-plane onto the set 
|w| > 0 in the w-plane, it follows that inverse mapping w = Lnz maps the 
set |z| > 0 in the z-plane onto the region —oo < u < oo, —t <u < 7, in 
the w-plane. Other properties of the exponential mapping can be similarly 
restated as properties of the logarithmic mapping. The following summarizes 
some of these properties. 


Logarithmic Mapping Properties 


(4) w = Lnz maps the set |z| > 0 onto the region —co < u < ~, 
=" KOS we 


(i) w = Lnz maps the circle |z| = r onto the vertical line segment 
u=log.r,—m <v<T. 


(ii) w = Lnz maps the ray arg(z) = @ onto the horizontal line 
v=86, —~wo <u<oo. 
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(a) The annulus 2<!z1<4 


w=Lnz 


1 1 1 1 
—4 -3 -—2 -1 


(b) The image of the annulus in (a) 


Figure 4.8 The mapping w = Lnz 
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EXAMPLE 6 Logarithmic Mapping 


Find the image of the annulus 2 < |z| < 4 under the logarithmic mapping 
w=Lnz. 


Solution From property (7) of logarithmic mapping, the boundary cir- 
cles |z| = 2 and |z| = 4 of the annulus map onto the vertical line segments 
u = log,2 and u = log.4, —am < v < 7, respectively. In a similar man- 
ner, each circle |z| = r, 2 < r < 4, maps onto a vertical line segment 
u = log.r, -—t < uv < m. Since the real logarithmic function is increasing 
on its domain, it follows that u = log,r takes on all values in the interval 
log.2 < u < log.4 when 2 < r < 4. Therefore, the image of the annu- 
lus 2 < |z| < 4 shown in color in Figure 4.8(a) is the rectangular region 
log,2 <u < log, 4, —a < uv < a, shown in gray in Figure 4.8(b). 


The principal branch of the complex loga- 
rithm f; defined in (19) is just one of many possible branches of the multiple- 
valued function F(z) = Inz. We can define other branches of F by simply 
changing the interval defining 6 in (18) to a different interval of length 27. 
For example, 


fo(z) = log. r + 10, 5 << 5? 


defines a branch of F' whose branch cut is the nonpositive imaginary axis. You 
should verify that for the branch fz we have f2(1) = 0, f2(2i) = log, 2+ $mi, 
and f2(—1— i) = $ log, 2+ 37i. 

In the same way that we proved that the principal branch f; of the com- 
plex logarithm is analytic, we can also show that any branch 


fe(z) = log. r + 20, 09 <0 <@)+4+ 27, 


of F(z) = Inz is analytic on its domain, and its derivative is given by: 


fi.(2) 


2 . 


Comparison with Real Analysis 


(i) Although the complex exponential and logarithmic functions are sim- 
ilar to the real exponential and logarithmic functions in many ways, 
it is important to keep in mind their differences. 


e The real exponential function is one-to-one, but the complex 
exponential is not. 


e log, x is a single-valued function, but In z is multiple-valued. 
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y e Many properties of real logarithms apply to the complex log- 

an} arithm, such as In(z1z2) = Inz; + Inze, but these properties 
eo don’t always hold for the principal value Ln z. 

S, 2m + 

——SS—— (a) Since the complex exponential function is not one-to-one, we can 

So x use a Riemann surface, as described in the Remarks at the end 

pd of Section 2.4, to help visualize the mapping w = e*. The Rie- 

5, <5 mann surface that we construct will also help us to visualize the 

; é multiple-valued function w = Inz. Consider the mapping w = e” 

gal on the half-plane « < 0. Each half-infinite strip S$, defined by 


(2n—1)r <y < (2n+4+1)z, x < 0, forn = 0, +1, +2,... is mapped 
onto the punctured unit disk 0 < |w| < 1 shown in Figure 4.9(b) 
v with the horizontal halflines shown in color in Figure 4.9(a) map- 
ping onto the segment —1 < u < 0 shown in black in Figure 4.9(b). 
Thus, w = e* describes an infinite-to-one covering of the punctured 
unit disk. To visualize this covering, we imagine there being a dif- 
ferent image disk B, for each half-infinite strip S,. Now cut each 
H disk B,, open along the segment —1 < u < 0. We construct a Rie- 
mann surface for w = e* by attaching, for each n, the cut disk B,, 
to the cut disk B,+1 along the edge that represents the image of the 
half-infinite line y = (2n + 1)z. We place this surface in zyz-space 


(a) Collection of half-infinite strips S, 


so that for each z in the half-plane, the images ... 2-1, 20, 21, .-- 
(b) The image of each strip S, of z in B,_-1, Bo, Bi, ... , respectively, lie directly above the point 
15 the punehated unr disk w = e* in the zy-plane. See Figure 4.10. By projecting the points 


of the Riemann surface vertically down onto the zy-plane we see 
the infinite-to-one nature of the mapping w = e*. Conversely, the 
multiple-valued function F(z) = In z may be visualized by consider- 
ing all points in the Riemann surface lying directly above a point in 
the zy-plane. These infinitely many points on the Riemann surface 
correspond to the infinitely many values of F(z) in the half-plane 
wus O, 


Figure 4.9 The mapping w = e* 


IDO DWSOMS Dey ZF) Answers to selected odd-numbered problems begin on page ANS-14. 


4.1.1 Complex Exponential Function 


Figure 4.10 A Riemann surface for 


w =e In Problems 1-4, find the derivative f’ of the given function f. 
; 3e?% — ie~* 
— 42,2+i = 
1. f(z) =z e 2. f(z) = i Leg 
3. f(z) =e” —e-* A. f(z) =iel/* 


In Problems 5-8, write the given expression in terms of x and y. 
5. 6. arg Cues 
7. arg (cte+) 8. te? +1 


e 
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In Problems 9-12, express the given function f in the form f(z) = u(a#, y)+iv(a, y). 
9. f(z) =e” 10. f(z) =e??*" 
11. f(z) = e* 12. f(z) =e? 


13. Use the sufficient conditions for differentiability from page 155 in Section 3.2 
to determine where the function f(z) = e?**" is differentiable. 


14. Use the sufficient conditions for differentiability from page 155 in Section 3.2 


to determine where the function f(z) = e® is differentiable. 


In Problems 15~—20, find the image of the given set under the exponential mapping. 
15. The line y = —2. 

16. The line z = 3. 

17. The infinite strip 1<a<2 

18. The square with vertices at 0, 1, 1 +72, and 7. 

19. The rectangle 0 < x < log, 2, —7/4< y < 7/2. 


20. The semi-infinite strip —coo << 4<0,0<y<7. 


4.1.2 Complex Logarithmic Function 


In Problems 21-26, find all complex values of the given logarithm. 


21. In(—5) 22. In (—ez) 

23. In(—2 +4 2%) 24. In(1+7) 

25. In(V2+ V6i) 26. In (—V3 +i) 

In Problems 27-32, write the principal value of the logarithm in the form a + 7b. 
27. Ln (6 — 6i) 28. Ln (-e’) 

29. Ln(—12 + 5z) 30. Ln (3 — 4%) 

31. In| (1+ v3i)’| 32. Ln[(1+4)‘] 

In Problems 33-36, find all complex values of z satisfying the given equation. 
33. e* =4i 34, e/*# =-1 

35. e7~' = —ie® 36. e* +e7+1=0 


In Problems 37-40, find a domain in which the given function f is differentiable; 
then find the derivative f’. 


37. f(z) = 32? — e* +iLnz 38. f(z) =(z4+1)Lnz 

39. f(z) = mae 40. f(z) = Ln(z? +1) 

In Problems 41-46, find the image of the given set under the mapping w =Ln z. 
41. The ray arg(z) = 7/6. 

42. The positive y-axis. 

43. The circle |z| = 4. 

44. The region in the first quadrant bounded by the circles |z| = 1 and |z| = e. 


45. The annulus 3 < |z| < 5. 
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46. 


The region outside the unit circle |z| = 1 and between the rays arg(z) = 7/4 
and arg(z) = 37/4. 


[Focus on Concepts| on Concepts 


AT. 
48. 
49. 
50. 


51. 


52. 


53. 


54. 


55. 


56. 


Use (1) to prove that e*!/e*? = e71~*. 
Use (1) and de Moivre’s formula to prove that (e*1)” = e”"*!, n an integer. 
Determine where the complex function e* is analytic. 


In this problem, we will show that the complex exponential function defined by 
(1) is the only complex entire function f that agrees with the real exponential 
function e* when z is real and that has the property f’(z) = f(z) for all z. 


(a) Assume that f(z) = u(a, y) + iv(x, y) is an entire complex function for 
which f’(z) = f(z). Explain why u and v satisfy the differential equations: 
Ux 


(x, y) =u(2, y) and V2 (2, y) = v(z, y)- 


(b) Show that u(z, y) = a(y)e” and v(x, y) = b(y)e” are solutions to the 
differential equations in (a). 


(c) Explain why the assumption that f(z) agrees with the real exponential 
function for z real implies that a(0) = 1 and 6(0) = 0. 


(d) Explain why the functions a(y) and b(y) satisfy the system of differential 
equations: 


a(y) — b'(y) =0 
a'(y) + b(y) = 0. 


(e) Solve the system of differential equations in (d) subject to the initial con- 
ditions a(0) = 1 and 6(0) = 0. 


(f) Use parts (a)—(e) to show that the complex exponential function defined 
by (1) is the only complex entire function f(z) that agrees with the real 
exponential function when z is real and that has the property f’(z) = f(z) 
for all z. 


Describe the image of the line y = x under the exponential function. [Hint: 
Find a polar expression r(@) of the image.] 


Prove that e* is a one-to-one function on the fundamental region —oo < x < oo, 
—T KY KT. 
21 


Prove that In ( 
22 


) = In z1 — In zg for all nonzero complex numbers z1 and z2. 


Prove that In z? = nInz, for all nonzero complex numbers z; and all integers 
n. 


(a) Find two complex numbers 21 and z2 so that Ln (2122) #4 Ln z1+Ln 22. 


(b) Find two complex numbers 21 and z2 so that Ln (z12z2) = Ln zi+ Ln ze. 
(c) What must be true about z1 and z2 if Ln (z1z2) = Ln 214+ Ln z2? 


Is Luz = nbn z; for all integers n and complex numbers z;? Defend your 
position with a short proof or a counterexample. 
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[Computer Lab Assignments | Lab Assignments 


Most CASs have a built in function to evaluate Ln z. For example, in Mathematica, 
the syntax Log[a+-b IJ] finds the principal value of the complex logarithm of a+ bi. 
To find a numerical approximation of this value enter the expression N[Log[a+b I]]. 
For example, Mathematica indicates that N[Log[2+3 I] is approximately 1.28247+ 
0.982794i. 


In Problems 57-62, use a CAS to compute Ln z. 


57. z=-1-i 58. 2=2-—31 

59. 2=34 Ti 60. z= 134 V2i 
61 4+ 10% 62 a4 
_ 2 i i} .. LS 
2+ 3% 


In Problems 63-66, use a CAS to find one solution to the equation. 
63. e°?-* = 12% 64. ec’? =2—5i 
65. 3641)" = 5-4 66. ie? 2 =7 


4.2 Complex Powers 


In Section 2.4 we examined special power functions of the form 2” and z!/” for n an integer 


and n > 2. These functions generalized the usual squaring, cubing, square root, cube 
root, and so on, functions of elementary calculus. In this section we analyze the problem 
of raising a complex number to an arbitrary real or complex power. For simple integer 
powers this process is easily understood in terms of complex multiplication. For example, 
(1+)? = (14+ i)(1+1)(1+%) = —2+ 2i. However, there is no similar description for a 
complex power such as (1+7)’. In order to define such expressions, we will use the complex 
exponential and logarithmic functions from Section 4.1. 


(Goyse(exalmenveem Complex powers, such as (1 +7)’ mentioned in the 


introduction, are defined in terms of the complex exponential and logarithmic 
functions. In order to motivate this definition, recall from (10) in Section 4.1 


that z = e!* for all nonzero complex numbers z. Thus, when n is an integer it 


elnz a nin z 


follows from Theorem 4.2(iv) that z” can be written as z” = (e =e 
This formula, which holds for integer exponents n, suggests the following 
formula used to define the complex power z% for any complex exponent a. 


Definition 4.4 Complex Powers 


If @ is a complex number and z 4 0, then the complex power z® i 


defined to be: 


= etlnz, (1) 
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In general, (1) gives an infinite set of values because the complex logarithm 
In z is multiple-valued. When n is an integer, however, the expression in (1) 
is single-valued (in agreement with fact that 2” is a function when n is an 
integer). To see that this is so, we use Theorem 4.2(7i) to obtain: 


2? =e Inz _ eriloge |z|+¢arg(z)] _ el lose |2| pnarg(z)i_ (2) 


If 0 = Arg(z), then arg(z) = 0+ 2k where k is an integer and so 


narg(z)i _ e 


e n(O+2kr)i _ eG o2nkri_ 


From Definition 4.1 we have that e?"*"* = cos (2nkm) + isin (2nk7). Because 


n and k are integers, it follows that 2nkz is an even multiple of 7, and so 
cos (2nkm) = 1 and sin (2nk7) = 0. Consequently, e?”*"* = 1 and (2) can be 
rewritten as: 


2” =e” log, lelgrAreteye (3) 
which is single-valued. 


Although the previous discussion shows that (1) can define a single-valued 
function, you should bear in mind that, in general, 


7% = erlnz (4) 


defines a multiple-valued function. We call the multiple-valued function given 
by (4) a complex power function. 


Note: All values of i?" are real. IS 


EXAMPLE 1 Complex Powers 
Find the values of the given complex power: (a) i” (b) (1+ 4)’. 
Solution In each part, the values of z® are found using (1). 


(a) In part (a) of Example 3 in Section 4.1 we saw that: 


near, 
2 
Thus, by identifying z = 7 and a = 27 in (1) we obtain: 
j= ezilni = e2il4n+1)ri/2] = e (4n+1)r 
forn =0, +1, +2,... . The values of i?” corresponding to, say, n = —1, 


0, and 1 are 12391.6, 0. 0432, and 1.507 x 10~", respectively. 
(b) In part (b) of Example 3 in Section 4.1 we saw that: 


In(1 +4) = : log, 24 ent ae 
for n= 0, +1, +2,... . Thus, by identifying z = 1+ 7 and a =7 in (1) 
we obtain: 
(1+ a)t = cf G44) — gilllog, 2)/2+(8n+1)mi/4], 
ee (1 + é)* =e Bnt4)x/4+i(log, 2)/2 


196 


Note 0& 


Chapter 4 Elementary Functions 


Complex powers defined by (1) satisfy the following properties that are 
analogous to properties of real powers: 


4 
gO yO2 _ gute. _ yO 2 
ane (5) 
n 
and (2°)" = 2° for n=0,+1,+2,.... 


Each of these properties can be derived from Definition 4.4 and Theorem 4.2. 
For example, by Definition 4.4, we have 2% 2°? = e%1!9#e%IM2_ This can be 
rewritten as 2°70? = e%1Inztozinz — ¢(aita2)Inz by using Theorem 4.2(i#). 
Since e(e1te2)Inz — zoi+o2 by (1), we have shown that 2% 29? = 2+, 
Not all properties of real exponents have analogous properties for vounsiee 
exponents. See the Remarks at the end of this section for an example. 


lee Value a PM@reysiooameiemm As pointed out, the com- 


plex power z® given in (1) is, in general, multiple-valued because it is defined 
using the multiple-valued complex logarithm Inz. We can assign a unique 
value to z® by using the principal value of the complex logarithm Ln z in 
place of Inz. This particular value of the complex power is called the prin- 
cipal value of z®. For example, since Lni = 7i/2, the principal value of i” 
is the value of i?’ corresponding to n = 0 in part (a) of Example 1. That is, 
the principal value of i?’ is e~™ ~ 0.0432. We summarize this discussion in 
the following definition. 


Definition 4.5 Principal Value of a Complex Power 


If @ is a complex number and z ¥ 0, then the function defined by: 


‘oa ecbnz 


is called the principal value of the complex power z°. 


The notation z® will be used to denote both the multiple-valued power 
function F(z) = z* of (4) and the principal value power function given 
by (6). In context it will be clear which of these two we are referring to. 


EXAMPLE 2 _ Principal Value of a Complex Power 
Find the principal value of each complex power: (a) (—3)'/™ (b) (2i)'~' 


Solution In each part, we use (6) to find the principal value of z®. 


(a) For z = —3, we have |z| = 3 and Arg(—3) = a, and so Ln (—3) = log, 3+im 
by (14) in Section 4.1. Thus, by identifying z = —3 and a = 1/7 in (6), 
we obtain: 

3)" = e(t/7)Ln(—3) = elt/™) (log. oEvE) 


or (—3)°/* = e-t4#ll08, 8)/m 
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Definition 4.1 in Section 4.1 gives 


go tiles. 8) fr. wl | gee log 28 + 7sin Be 3 
T T 


and so, (—3)'/" ~ 0.3456 + 0.1260. 


(b) For z = 27, we have |z| = 2 and Arg(z) = 7/2, and so Ln 2i = log, 2+i7/2 
by (14) in Section 4.1. By identifying z = 2i and a = 1 —i in (6) we 
obtain: 


(2i)!-? = e(1-#)Ln2i = e(l-t) (log. 2+im/2) 
or (2i)'~ — clog. 2+m/2-i(log, 2-1/2). 
We approximate this value using Definition 4.1 in Section 4.1: 
(28-4 = close 2+7/2 [cos (log. 2— =) —isin (log. 2S =)| 


= 6.1474 + 7.40082. 


In general, the principal value of a complex power z% de- 
fined by (6) is not a continuous function on the complex plane because the 
function Ln z is not continuous on the complex plane. However, since the 
function e°* is continuous on the entire complex plane, and since the func- 
tion Ln z is continuous on the domain |z| > 0, —m < arg(z) < 7, it follows 
that z° is continuous on the domain |z| > 0, —7 < arg(z) < a. Using polar 
coordinates r = |z| and 6 = arg(z) we have found that the function defined 
by: 


Recall: Branches of a multiple-valued pep filz) = ex(log. ee —7<O0<T7 (7) 
function F are denoted by fi, fe 


sas Sem is a branch of the multiple-valued function F(z) = z* = e*'™*. This particular 


branch is called the principal branch of the complex power z°; its branch 
cut is the nonpositive real axis, and z = 0 is a branch point. 

The branch f; defined by (7) agrees with the principal value z° defined 
by (6) on the domain |z| > 0, —7 < arg(z) < m7. Consequently, the derivative 
of f; can be found using the chain rule (6) of Section 3.1: 


d abLnz abLnz d a nz & 
Ags a De ee qy an] =e e = (8) 


Using the principal value z* = e®'™* we find that (8) simplifies to f{(z) = 
az*/z = az*-!, That is, on the domain |z| > 0, —m < arg(z) < 7, the 
principal value of the complex power z° is differentiable and 


9 agg", (9) 


This demonstrates that the power rule (7) of Section 3.1 holds for the principal 
value of a complex power in the stated domain. 
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Other branches of the multiple-valued function F(z) = z% can be defined 
using the formula in (7) with a different interval of length 27 defining 0. For 
example, fo(z) = e*8e"+"), 7/4 < @ < 77/4, defines a branch of F whose 
branch cut is the ray arg(z) = —7/4 together with the branch point z = 0. 


EXAMPLE 3 _ Derivative of a Power Function 


Find the derivative of the principal value z’ at the point z = 1+ i. 


Solution Because the point z = 1+ i is in the domain |z| > 0, 
—m <arg(z) <7, it follows from (9) that: 


and so, re = a ee — i(1 + are 
2 |e=144 


We can use (5) to rewrite this value as: 


1 1+i 
1+i 2 


i(1+i)** =1(0144)' (144) ' =i014 0 (1+i)*. 


Moreover, from part (b) of Example 1 with n = 0, the principal value of (1+7)* 
(1 4 i)’ = oe 7/4+i(log. a)? 


a 


144 
and so ae = 211 -1/4+i(log, 2)/2 -y 0.1370 + 0.29194. 


dz Pare, 2 


Comparison with Real Analysis 


(i) As mentioned on page 196, there are some properties of real powers 
that are not satisfied by complex powers. One example of this is 
that for complex powers, (z%!)°? # z%1°2 unless a2 is an integer. 
See Problem 14 in Exercises 4.2. 


(77) As with complex logarithms, some properties that do hold for com- 
plex powers do not hold for principal values of complex powers. For 
example, using Definition 4.4 and Theorem 4.2, we can prove that 
(z122)° = 22 for any nonzero complex numbers 2; and 22. How- 
ever, this property does not hold for principal values of these complex 
powers. In particular, if 21 = —1, z2 =i, and a =i, then from (6) 
we have that the principal value of (—1- i)’ is e™(-®) = e”/2, On 
the other hand, the product of the principal values of (—1)' and i 


is e?hn(-1) eiLni = e-Te-7/2 - en 8/2. 
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DDG DOU DS ZEY Answers to selected odd-numbered problems begin on page ANS-14. 


In Problems 1-6, find all values of the given complex power. 


i." 2, 2% 
3. (1+i)'* 4. (1+ V3i)" 
6. (3) 6. (ei)? 
In Problems 7-12, find the principal value of the given complex power. 
7. (-1)* 8. 37/" 
9.2" 10. i*/* 
11. (1+ V3i)”™ 19. ia 
ay 


13. Verify that — =Z° 2 for 240; 
VAs 


14. (a) Verify that (z°)" = z"® for z 40 and n an integer. 
(b) Find an example that illustrates that for z # 0 we can have 


(20) aa gO On 


Let 2“ represent the principal value of the complex power defined on the domain 
|z| > 0, —m < arg(z) < m. In Problems 15-18, find the derivative of the given 
function at the given point. 


15. 23/2, z=1+4+1 16. 27%, z=i 


17. 2t*s g=14 V3i 18. 2¥?;2=-i 


[Focus on Concepts on Concepts 


19. For any complex number z # 0, evaluate z°. 


20. Ifa=a2+ iy where ce = 0, +1, +2,... , then what can you say about 1°? 


21. Show that if a = 1/n where n is a positive integer, then the principal value of 


z* is the same as the principal nth root of z. 


22. (a) Show that if a is a rational number (that is, a = m/n where m and n are 
integers with no common factor), then z° is finite-valued. That is, show that 
there are only finitely many values of 2%. 


(b) Show that if a is an irrational number (that is, not a rational number) or 
a complex number, then z® is infinite-valued. 


23. Which of the identities listed in (5) hold for the principal value of z*? 
24. A useful property of real numbers is x*y* = (xy)*. 
(a) Does the property z*w* = (zw)* hold for complex powers? 


(b) Does the property 2° w* = (zw)® hold for the principal value of a complex 
power? 


[Computer Lab Assignments, Lab Assignments 


Most CASs have a built in function to find the principal value of a complex power. 
In Mathematica, the syntax (a + b I)*(c + d I) is used to accomplish this. 
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To find a numerical approximation of this value in Mathematica you enter the 
expression N[(a + b I)*(c + d I)]. For example, Mathematica indicates that 
N[(1 + 2 1)(3 + 2 D)] is approximately 0.2647 — 1.19222. 


In Problems 25-30, use a CAS to find the principal value of the given complex 


power. 

25. (1— 51)’ 26. 5°°*" 

7. =i 28. (1— 4i)'+% 
oie” 30. (1=3:)'/* 


4.3 Trigonometric and Hyperbolic Functions 


In this section we define the complex trigonometric and hyperbolic functions. Analogous 
to the complex functions e* and Ln z defined in a previous section, these functions will 
agree with their real counterparts for real input. In addition, we will show that the complex 
trigonometric and hyperbolic functions have the same derivatives and satisfy many of the 
same identities as the real trigonometric and hyperbolic functions. 


4.3.1 Complex Trigonometric Functions 


If x is areal variable, then it follows from Definition 4.1 that: 


e* =cosr+ising and e  =cosz-—isinz. (1) 
By adding these equations and simplifying, we obtain an equation that relates 
the real cosine function with the complex exponential function: 
et a eo 
cos f = ————_.. (2) 
2 
In a similar manner, if we subtract the two equations in (1), then we obtain 
an expression for the real sine function: 


sin z = ———. (3) 
The formulas for the real cosine and sine functions given in (2) and (3) can 
be used to define the complex sine and cosine functions. Namely, we define 
these complex trigonometric functions by replacing the real variable x with 
the complex variable z in (2) and (3). This discussion is summarized in the 
following definition. 


Definition 4.6 Complex Sine and Cosine Functions 


The complex sine and cosine functions are defined by: 


e* + eo 
2 


and cosz= 


4.3 Trigonometric and Hyperbolic Functions 201 


It follows from (2) and (3) that the complex sine and cosine functions defined 
by (4) agree with the real sine and cosine functions for real input. Analogous to 
real trigonometric functions, we next define the complex tangent, cotangent, 
secant, and cosecant functions using the complex sine and cosine: 


sin z OS Z 1 
tanz = ——, cotz=——, secz=—, and cscz= (5) 
COs z sin z COs z 


inz 


These functions also agree with their real counterparts for real input. 


EXAMPLE 1 Values of Complex Trigonometric Functions 


In each part, express the value of the given trigonometric function in the form 
a+ ib. 


(a) cosi (b) sin (2 + 7) (c) tan (a — 22) 


Solution For each expression we apply the appropriate formula from (4) or 
(5) and simplify. 


(a) By (4), 
Pues gail 
cosi= © Te =F FE 1 531. 
2 
(b) By (4), 
i(2+i) _ ,-i(244) 
e e 
in (2-44) = 
sin (2 + 7) = 
e142 _ pl—2i 
~ 2i 
e+(cos2 + isin 2) — e(cos(—2) + isin(—2)) 


_ 0.9781 + 2.8062: 
7 2i 
~ 1.4031 — 0.48913. 


(c) By the first entry in (5) together with (4) we have: 


(eae _ ere) 127 ei(m™—2%) _ e7t(m—2%) 
tan (1 21) = (ci(m-28) + e~i(r—28)) /2 = (etr—24) 4 e-i(n—28)) 4 
ee —e 2. 
= a= i x —0.96402. 


od 


ifefSiigtece-) Most of the familiar identities for real trigonometric functions 
hold for the complex trigonometric functions. This follows from Definition 4.6 
and properties of the complex exponential function. We now list some of the 
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more useful of the trigonometric identities. Each of the results in (6)—(10) is 
identical to its real analogue. 


sin(—z) =—sinz cos(—z) =cosz 


cos? z+ sin? z=1 


sin (21 £ z2) = sin z1 cos zg + cos 2 sin 22 


cos (21 + zg) = cos 21 Cos 29 F sin 2 sin 29 


Observe that the double-angle formulas: 
sin2z=2sinzcosz cos2z =cos? z—sin? z (10) 


follow directly from (8) and (9). 

We will verify only identity (7). The other identities follow in a similar 
manner. See Problems 13 and 14 in Exercises 4.3. In order to verify (7), 
we note that by (4) and properties of the complex exponential function from 
Theorem 4.2, we have 


5 el +e tz e2t% ei? ye € 21z 
Cos” Zz = 


2 4 , 
; - ei% — e-iz 2 e2iz _ 94 e-2iz 
an sin* z= - = : 
2 4 
Therefore, 
. om e2t% | 2 e722 e2t% | 2 e722 
cos* z+ sin* z= = 1. 


4 


It is important to recognize that some properties of the real trigonomet- 
ric functions are not satisfied by their complex counterparts. For example, 
|sin z| < Land |cos | < 1 for allreal x, but, from Example 1 we have |cosi| > 1 
and |sin(2 +7%)| > 1 since |cos7| + 1.5431 and |sin (2 + 7)| & 1.4859, so these 
inequalities, in general, are not satisfied for complex input. 


In Section 4.1 we proved that the complex exponential 
function is periodic with a pure imaginary period of 277. That is, we showed 
that e*+?"" — e* for all complex z. Replacing z with iz in this equation we 
obtain e#+27! — et(#+?7) — e'%, Thus, e’ is a periodic function with real 
period 27. Similarly, we can show that e~*(#+?7) = e~ and so e~ is also a 
periodic function with a real period of 27. Now from Definition 4.6 it follows 
that: 


ei(2+2r) _ e~t(z+2r) e!? 


3 ) = = —g9j : 
sin(z + 27) yi Bi sin z 


A similar statement also holds for the complex cosine function. In summary, 
we have: 


sin(z+27)=sinz and cos(z+27) =cosz (11) 
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for all z. Put another way, (11) shows that the complex sine and cosine are 
periodic functions with a real period of 27. The periodicity of the secant 
and cosecant functions follows immediately from (11) and (5). The identities 
sin(z+7) = —sinz and cos(z +7) = —cosz can be used to show that the 
complex tangent and cotangent are periodic with a real period of 7. See 
Problems 51 and 52 in Exercises 4.3. 


MRulexeysencinetem Mepis We now turn our attention to solving 


simple trigonometric equations. Because the complex sine and cosine func- 
tions are periodic, there are always infinitely many solutions to equations of 
the form sin z = w or cos z = w. One approach to solving such equations is to 
use Definition 4.6 in conjunction with the quadratic formula. We demonstrate 
this method in the following example. 


EXAMPLE 2 Solving Trigonometric Equations 


Find all solutions to the equation sin z = 5. 


Solution By Definition 4.6, the equation sinz = 5 is equivalent to the 
equation 


By multiplying this equation by e’* and simplifying we obtain 
e”* — 10ie’* —1 =0. 
This equation is quadratic in e’*. That is, 
e?"* — 10ie — 1 = (e*)” — 101 (e”) —1 =0. 


Thus, it follows from the quadratic formula (3) of Section 1.6 that the solutions 
of e?** — 10ie** — 1 = 0 are given by 


. 10i+( —96)1/? 
ef = le = 5i + 2V6i = (5 + 2v6)i. (12) 
In order to find the values of z satisfying (12), we solve the two exponential 
equations in (12) using the complex logarithm. If e’* = (5+ 2V6) i, then 
iz =I1n (5i + 2V6i) or z= —iln [(5 + 2/6) ij. Because (5 + 2,6) zis a pure 
imaginary number and 5 + 2V6 > 0, we have arg [(5 + 2/6) i] = $a + 2nn. 
Thus, 


2 = —ilog [(5 + 2V6) i] = -i[log, (5 +2V6) +i (J + 2nr)] 


4 il 
- go EU sles, (5 fe 2v6) (13) 
2 
for n = 0, £1, +2,... . Inasimilar manner, we find that if e** = (5 — 2V6) i, 


then z = —iln [(5 = 2v6) i]. Since (5 = 2v6) i is a pure imaginary number 
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and 5 — 2/6 > 0, it has an argument of 1/2, and so: 


2 = —~ilog [(5 — 2v6) i] = -illog, (5 - 2v6) + i(Z + 2nm)] 


4 iL 
or j= une — ilog, (5 - 2v6) (14) 
for n = 0, +1, +2,... . Therefore, we have shown that if sinz = 5, then z 


is one of the values given in (13) or (14). 


The modulus of a complex trigonometric function can also be 
helpful in solving trigonometric equations. To find a formula in terms of x 
and y for the modulus of the sine and cosine functions, we first express these 
functions in terms of their real and imaginary parts. If we replace the symbol 
z with the symbol x + iy in the expression for sin z in (4), then we obtain: 


e ¥ttt _ e¥-@ ee ¥ (cosa + isin z) — e¥ (cosz — isinz) 
2% 20 


Y4 ey Y_erYy 
= sing (-) + icos x (—-) : (15) 


Since the real hyperbolic sine and cosine functions are defined by sinhy = 
eee e+e 4 
—— and cosh y = a 


sin z = sinxcoshy + 7cosz sinh y. (16) 


sin z = 


we can rewrite (15) as 


A similar computation enables us to express the complex cosine function in 
terms of its real and imaginary parts as: 


cos z = cos xcoshy — isin sinh y. (17) 


We now use (16) and (17) to derive formulas for the modulus of the complex 
sine and cosine functions. From (16) we have: 


|sin z| = sin? a cosh” y + cos? x sinh? y. 


This formula can be simplified using the identities cos? 2 + sin? 2 = 1 and 
cosh? y = 1 + sinh? y for the real trigonometric and hyperbolic functions: 


|sin z| = (sin? az (1+sinh? y) + cos? x sinh? y 


: ae 
= 1/sin’ x + (cos? z + sin” z) sinh? y, 


or |sin z| = /sin? x + sinh? y. (18) 


After a similar computation we obtain the following expression for the mod- 
ulus of the complex cosine function: 


\cos z| = \/cos? + sinh? y. (19) 


(b) y = cosh x 


Figure 4.11 The real hyperbolic functions 


All of the zeros of sin z and cos z are 
real. 


Lo 
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You may recall from calculus that the real hyperbolic function sinh x is 
unbounded on the real line. See Figure 4.11(a). As a result of this fact, the 
expressions in (18) and (19) can be made arbitrarily large by choosing y to 
be arbitrarily large. Thus, we have shown that the complex sine and cosine 
functions are not bounded on the complex plane. That is, there does not exist 
a real constant M so that |sinz| < M for all z in C, nor does there exist a 
real constant M so that |cosz| < M for all z in C. This, of course, is quite 
different from the situation for the real sine and cosine functions for which 
|sin z| < 1 and |cosa| < 1 for all real «. 


The formulas derived for the modulus of the complex sine and 
cosine are helpful in determining the zeros of these functions. Recall that the 
zeros of the real sine function occur at integer multiples of 7, and that the 
zeros of the real cosine function occur at odd integer multiples of 7/2. Since 
the complex sine and cosine functions agree with their real counterparts for 
real input, it follows that these zeros of the real sine and cosine functions are 
also zeros of the complex sine and cosine functions. It is a natural question to 
ask whether the complex sine and cosine functions have any additional zeros 
in the complex plane. One way of answering this question is by solving the 
equations sin z = 0 and cos z = 0 in the manner presented in Example 2. A 
different method involves recognizing that a complex number is equal to 0 if 
and only if its modulus is 0. Thus, solving the equation sin z = 0 is equivalent 
to solving the equation |sin z| = 0. Using (18) we see that if |sinz| = 0, then 


\/sin? x + sinh? y = 0, which is equivalent to: 
sin? ¢ + sinh? y = 0. 


Since sin? x and sinh? y are both nonnegative real numbers, this last equation 
is satisfied if and only if sina = 0 and sinhy = 0. As just noted, sin x = 0 when 
x=nn,n=0, 1, +2,..., and inspection of Figure 4.11(a) indicates that 
sinhy = 0 only when y = 0. Therefore, the only solutions of the equation 
sinz = 0 in the complex plane are the real numbers z = nz, n = 0, +1, 
+2,... . That is, the zeros of the complex sine function are the same as the 
zeros of the real sine functions; there are no additional zeros of sine in the 
complex plane. This is not the same as the situation for polynomial functions 
where there are often additional zeros in the complex plane. 

In essentially the same manner we can show that the only zeros of the 
complex cosine function are the real numbers z = (2n + 1)7/2, n = 0, 41, 


+2... . See Problem 41 in Exercises 4.3. In summary we have: 
sin z = 0 if and only if z= nz, (20) 
2 1 
and cos z = 0 if and only if z= Cnt un (21) 


for 2 = 0; 1,42, .:. 


PNW Maalela~) The derivatives of the complex sine and cosine functions 


are found using the chain rule (6) in Section 3.1. Analogous to the real sine 
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function, the derivative of the complex sine function is the complex cosine 
function: 


d : d ee — ee jet + ie? e*% +e % 
—sinz = - = : = 
dz dz 21 2% 2 : 
or — sin z = cosz. 
dz 


Since this derivative is defined for all complex z, sin z is an entire function. 
In a similar manner, we find 


= tos 2 = = sit 2: 

dz 
The derivatives of sin z and cos z can then be used to show that derivatives of 
all of the complex trigonometric functions are the same as derivatives of the 
real trigonometric functions. The derivatives of the six complex trigonometric 
functions are summarized in the following. 


Derivatives of Complex Trigonometric Functions 


— sin z = cosz — cos z = —sinz 

dz dz 

— tan z = sec? z — cot z = — csc? z 

dz dz 

d d 

— sec z = sec z tan Zz — csc z = — csc zcot z 
dz dz 


The sine and cosine functions are entire, but the tangent, cotangent, 
secant, and cosecant functions are only analytic at those points where the 
denominator is nonzero. From (20) and (21), it then follows that the tangent 
and secant functions have singularities at z = (2n+1)7/2 for n = 0, +1, 
+2 ...., whereas the cotangent and cosecant functions have singularities at 
z=nn forn=0, +1, +2... 


A Wistexeyeeyselcinulem\Ukalejeyssteas § We will now discuss the complex mapping 


w = sinz of the z-plane onto the w-plane. Because sin z is periodic with a 
real period of 27, this function takes on all values in any infinite vertical strip 
ty < x2 < 4 +2m, —o0 < y < co. In a manner similar to that used to 
study the exponential mapping w = e’, this allows us to study the mapping 
w = sinz on the entire complex plane by analyzing it on any one of these 
strips. Consider, say, the strip —7 < x < m7, —co < y < oo. Before we 
examine the complex mapping w = sinz on this strip, observe that sin z is 
not one-to-one on this region. For example, z; = 0 and z2 = 7 are in this 
region and sin0 = sina = 0. From the identity sin(—z +7) = sin z it follows 
that the image of the strip —1 < a < —1/2, —oo < y < ~, is the same as the 
image of the strip 7/2 < a < 7, —oo < y < ~, under w = sinz. Therefore, 
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we need only consider the mapping w = sin z on the region —7/2 <a < 7/2, 
—co < y < ov, to gain an understanding of this mapping on the entire z-plane. 
In Problem 45 of Exercises 4.3 you will be asked to show that the complex 
sine function is one-to-one on the domain —7/2 < a < 1/2, —-coo << y< om. 


EXAMPLE 3 The Mapping w = sin z 


Describe the image of the region —7/2 < # < 1/2, —co < y < ov, under the 
complex mapping w = sin z. 


Solution Similar to the discussion on page 180 of Section 4.1, one ap- 
proach to this problem is to determine the image of vertical lines x = a with 
—n/2<a< 7/2 under w = sinz. Assume for the moment that a 4 —7/2, 
0, or 7/2. From (16) the image of the vertical line x = a under w = sin z is 
given by: 


u=sinacoshy, v=cosasinhy, -—c <y< oo. (22) 


We will eliminate the variable y in (22) to obtain a single Cartesian equation 
relating u and v. Since —17/2 <a < 7/2 and a £0, it follows that sina 4 0 


and cosa # 0, and so from (22) we obtain cosh y = 


: and sinhy = , 
sina cos a 


The identity cosh y — sinh? y = 1 for real hyperbolic functions then gives the 


following equation: 
2 2 
(at) (gia) = 09) 
sina COS @ 


The Cartesian equation in (23) is a hyperbola with vertices at (+sina, 0) 
ee 


and slant asymptotes v = + 


: u. Because the point (a, 0) is on the 
sina 

line « = a, the point (sina, 0) must be on the image of the line. Therefore, 
the image of the vertical line x = a with —7/2 < a < 7/2 and a 4 0 under 


w = sin z is the branch! of the hyperbola (23) that contains the point (sin a, 0). 


Because sin(—z) = — sin z for all z, it also follows that the image of the line 
x = —a is branch of the hyperbola (23) containing the point (— sina, 0). 
Therefore, the pair of vertical lines « = a and x = —a, with —1/2 <a < 7/2 


and a # 0, are mapped onto the hyperbola given by (23). We illustrate this 
mapping property of w = sin z in Figure 4.12, where the vertical lines shown 
in color in Figure 4.12(a) are mapped onto the hyperbolas shown in black in 
Figure 4.12(b). The line « = 7/3 is mapped onto the branch of the hyperbola 
containing the point (4./3,0) and the line x = 7/6 is mapped onto the branch 
containing the point (5, 0). Similarly, the line x = —7/3 is mapped onto the 
branch containing the point (-4 V3, 0) and the line « = —7/6 is mapped 
onto the branch containing the point (—5, 0). 

The images of the lines « = —7/2, x = 1/2 and x = 0 cannot be found 
from (23). However, from (22) we see that the image of the line « = —7/2 is 
the set of points u < —1 on the negative real axis, that the image of the line 
x = 7/2 is the set of points u > 1 on the positive real axis, and that the image 


+Do not confuse this term with “branch of a multiple-valued function.” 
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w=sinz 


—2 


(a) The region -7/2<x< 2/2 (b) Image of the region in (a) 


Figure 4.12 The mapping w = sin z 


of the line « = 0 is the imaginary axis u = 0. See Figure 4.12. In summary, 
we have shown that the image of the infinite vertical strip —7/2 < a < 7/2, 


—co < y < ov, under w = sin z, is the entire w-plane. 


In Example 3 the image could also be found using horizontal line segments 
y = b, —1/2 < « < 7/2, instead of vertical lines. In this case, the images are 
given by: 


T 
Se eS 


u=sinacoshb, v=cosasinhb, 3 


Tv 
2 : 


When 6 ¥ 0, this set is also given by the Cartesian equation: 


(<5) | (<5) = (24) 


which is an ellipse with u-intercepts at (+coshb, 0) and v-intercepts at 
(0,+sinhb). If b > 0, then the image of the line segment y = b is the 
upper-half of the ellipse defined by (24) and the image of the line segment 
y = —b is the bottom-half of the ellipse. Thus, the horizontal line segments 
shown in color in Figure 4.12(a) are mapped onto the ellipses shown in black 
in Figure 4.12(b). The innermost pair of horizontal line segments are mapped 
onto the innermost ellipse, the middle pair of line segments are mapped onto 
the middle ellipse, and the outermost pair of line segments are mapped onto 
the outermost ellipse. As a final point, observe that if b = 0, then the image 
of the line segment y = 0, —7/2 < x < 7/2, is the line segment —1 <u <1, 
v = 0 on the real axis. 

The mapping w = cos z can be analyzed in a similar manner, or, since 
cosz = sin(z+ 7/2) from (9), we can view the mapping w = cosz as a 
composition of the translation w = z+ 7/2 and the mapping w = sin z. See 
Problem 46 in Exercises 4.3. 
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4.3.2 Complex Hyperbolic Functions 


The real hyperbolic sine and hyperbolic cosine functions are defined using the 
real exponential function as follows: 


, e” —e* ev~ +e” 
sinh xz = a= and coshz= co 


The complex hyperbolic sine and cosine functions are defined in an analogous 
manner using the complex exponential function. 


Definition 4.7 Complex Hyperbolic Sine and Cosine 


The complex hyperbolic sine and hyperbolic cosine functions are 
defined by: 


ee + e* 


and coshz= 


Since the complex exponential function agrees with the real exponen- 
tial function for real input, it follows from (25) that the complex hyperbolic 
functions agree with the real hyperbolic functions for real input. However, 
unlike the real hyperbolic functions whose graphs are shown in Figure 4.11, 
the complex hyperbolic functions are periodic and have infinitely many zeros. 

All zeros of sinh z and cosh z are pure f& See Problem 50 in Exercises 4.3. 
enone The complex hyperbolic tangent, cotangent, secant, and cosecant are de- 
fined in terms of sinh z and cosh z: 


sech z = and csch z = 


tanh z = ’ — ee . , : : 
cosh z sinh z cosh z sinh z 


(26) 


Observe that the hyperbolic sine and cosine functions are entire because 
the functions e* and e~* are entire. Moreover, from the chain rule (6) in 
Section 3.1, we have: 


or — sinh z = cosh z. 


dz 


A similar computation for cosh z yields 


— cosh z = sinh z. 
dz 


Derivatives of the remaining four remaining hyperbolic functions can then be 
found using (26) and the quotient rule (5) in Section 3.1. 
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Derivatives of Complex Hyperbolic Functions 


— sinh z = cosh z — cosh z = sinh z 
dz dz 
d 2 d 2 
— tanh z = sech*z — coth z = —csch*z 
dz dz 
d d 
— sech z = —sech z tanh z — cschz = —cschz coth z 
dz dz 


Jat) EuatoysMe Romesiatem-riteM@e-seatems The real trigonometric and the real 


hyperbolic functions share many similar properties. For example, 


—sinz=cosx and a sinh x = cosh z. 
dx dx 

Aside from the similar notational appearance and the similarities of their re- 
spective Taylor series, there is no simple way to relate the real trigonometric 
and the real hyperbolic functions. When dealing with the complex trigono- 
metric and hyperbolic functions, however, there is a simple and beautiful 
connection between the two. We derive this relationship by replacing z with 
iz in the definition of sinh z and then comparing the result with (4): 


: e'? — et _(e% —e-® _ 
sinh (iz) = =1 - = isin z, 


—isinh (iz) = sin z. 


or 


In a similar manner, if we substitute zz for z in the expression for sin z and 
compare with (25), then we find that sinh z = —isin (iz). After repeating this 
process for cos z and cosh z we obtain the following important relationships 
between the complex trigonometric and hyperbolic functions: 


sin z = —isinh (iz) and cos z = cosh (iz) (27) 
sinh z = —isin (iz) and cosh z = cos (iz). (28) 


Relations between the other trigonometric and hyperbolic functions can now 
be derived from (27) and (28). For example, 


sin(iz) _ isinhz 


tan (iz) = = itanh z. 


cos(iz) cosh z 


We can also use (27) and (28) to derive hyperbolic identities from trigono- 
metric identities. We next list some of the more commonly used hyperbolic 
identities. Each of the results in (29)—(32) is identical to its real analogue. 


sinh(—z) = —sinhz cosh(—z) = cosh z (29) 
cosh? z — sinh? z = 1 (30) 
sinh (z, + 22) = sinh 21 cosh zg + cosh z1 sinh 22 (31) 
cosh (z1 + z2) = cosh 2; cosh z2 + sinh z, sinh z2 (32) 
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In the following example we verify the addition formula given in (32). The 
other identities can be verified in a similar manner. See Problems 29 and 30 
in Exercises 4.3. 


EXAMPLE 4 A Hyperbolic Identity 


Verify that cosh (z1 + 21) = cosh 2; cosh zg + sinh z; sinh z2 for all complex 21 
and Z. 


Solution By (28), cosh (z1 + z2) = cos (iz; + iz2), and so by the trigonomet- 
ric identity (9) and additional applications of (27) and (28), we obtain: 


cosh(z1 + 22) = cos (tz1 + iz2) 
= COS 7zZ1 COS 72g — SIN 7Z1 SIN 7ZQ 
= cos iz1 cos iz + (—isin iz) (—isin ize) 


= cosh z; cosh z2 + sinh z; sinh zg. 


——————————— 


The relations between the complex trigonometric and hyperbolic functions 
given in (27) and (28) also allow us determine the action of the hyperbolic 
functions as complex mappings. For example, because sinh z = —isin (iz), 
the complex mapping w = sinh z can be considered as the composition of the 
three complex mappings w = iz, w = sinz, and w = —iz. See Problem 47 in 
Exercises 4.3. 


Comparison with Real Analysis 


(z) In real analysis, the exponential function was just one of a number 
of apparently equally important elementary functions. In complex 
analysis, however, the complex exponential function assumes a much 
greater role. All of the complex elementary functions can be defined 
solely in terms of the complex exponential and logarithmic func- 
tions. A recurring theme throughout the study of complex analysis 
involves using the exponential and logarithmic functions to evaluate, 
differentiate, integrate, and map with elementary functions. 


(a7) As functions of a real variable x, sinh x and cosh « are not periodic. 
In contrast, the complex functions sinh z and coshz are periodic. 
See Problem 49 in Exercises 4.3. Moreover, cosh x has no zeros and 
sinh x has a single zero at « = 0. See Figure 4.11. The complex 
functions sinh z and cosh z, on the other hand, both have infinitely 
many zeros. See Problem 50 in Exercises 4.3. 
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(a) The square Sy 


(b) The image E of Sy 


Figure 4.13 The mapping w = sin z 


Figure 4.14 The cut elliptical regions Eo 


and Ey 


Figure 4.15 A Riemann surface for 


w =sinz 
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(iii) Since the complex sine function is periodic, the mapping w = sin z 
is not one-to-one on the complex plane. Constructing a Riemann 
surface, for this function, as described in the Remarks at the end 
of Section 2.4 and Section 4.1, will help us visualize the complex 
mapping w = sinz. In order to construct a Riemann surface con- 
sider the mapping on the square Sp defined by —7/2 < a < 7/2, 
—m/2 <y < 7/2. From Example 3, we find that the square So 
shown in color in Figure 4.13(a) maps onto the elliptical region E 
shown in gray in Figure 4.13(b). Similarly, the adjacent square 5S; 
defined by 17/2 < x < 32/2, —1/2 < y < 77/2, also maps onto LE. A 
Riemann surface is constructed by starting with two copies of EF, Eo 
and £, representing the images of Sp and S$}, respectively. We then 
cut Eo and FE, open along the line segments in the real axis from 
1 to cosh (7/2) and from —1 to —cosh (7/2). As shown in Figure 
4.14, the segment shown in color in the boundary of So is mapped 
onto the segment shown in black in the boundary of Eo, while the 
dashed segment shown in color in the boundary of So is mapped 
onto the dashed segment shown in black in the boundary of Eo. In 
a similar manner, the segments shown in color in the boundary of 
S; are mapped onto the segments shown in black in the boundary of 
FE. Part of the Riemann surface consists of the two elliptical regions 
Eo and FE, with the segments shown in black glued together and the 
dashed segments glued together. To complete the Riemann surface, 
we take for every integer n an elliptical region EF, representing the 
image of the square S,, defined by (2n — 1)7/2 < x < (2n+1)7/2, 
—1/2<y< 7/2. Each region E, is cut open, as Eo and FE, were, 
and E,, is glued to FE, along their boundaries in a manner analo- 
gous to that used for Ey and E,. This Reimann surface, placed in 
xyz-space, is illustrated in Figure 4.15. 
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4.3.1 Complex Trigonometric Functions 


In Problems 1-8, express the value of the given trigonometric function in the form 
a+ ib. 


1. sin (42) 2. cos (—3i) 
3. cos (2 — 47) 4. sin 7 + i) 
5. tan (27) 6. cot (m+ 2i) 
7. sec (5 -i) 8. csc (147) 


In Problems 9-12, find all complex values z satisfying the given equation. 
9. sinz=7 10. cosz=4 


11. sinz =cosz 12. cosz =isinz 
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In Problems 13-16, verify the given trigonometric identity. 

13. sin(—z) = —sinz 14. cos (z1 + 22) = cos 21 Cos 22 — sin 21 sin z2 
15. Cosz = cosz 16. sin (z- ) = —cosz 

In Problems 17-20, find the derivative of the given function. 

17. sin (z’) 18. cos (ie*) 

19. ztan 20. sec (2? + (1—i)z +7) 
4.3.2 Complex Hyperbolic Functions 

In Problems 21-24, express the value of the given hyperbolic function in the form 
a+ ib. 

21. cosh (ri) 22. sinh (41) 

23. cosh (1 2: si) 24. tanh (2+ 3i) 

In Problems 25-28, find all complex values z satisfying the given equation. 
25. coshz =1 26. sinhz = —1 

27. sinh z = cosh z 28. sinh z = e* 

In Problems 29-32, verify the given hyperbolic identity. 

29. cosh? z— sinh? z= 1 

30. sinh (z1 + z2) = sinh z) cosh z2 + cosh 2 sinh z2 

31. |sinh z|? = sinh? x + sin? y 

32. Im (cosh z) = sinha siny 

In Problems 33-36, find the derivative of the given function. 

33. sin z sinh z 34. tanh z 

35. tanh (iz — 2) 36. cosh (iz + e’*) 


[Focus on Concepts| on Concepts 


37. 


38. 
39. 


40. 
41. 
42. 
43. 


44. 


Recall that Euler’s formula states that e® = cos @ + isin@ for any real number 


9. Prove that, in fact, e’* = cos z +isinz for any complex number z. 


answer. 


If |sin z| < 1, then what can you say about z? Justify your answer. 


Show that all the zeros of cos z are z = (2n + 1)m/2 for n = 0, 4 


E1, 4 


Solve the equation sin z = cosh 2 by equating real and imaginary parts. 


If sinz = a with —1 < a < 1, then what can you say about z? Justify your 


ae 


Find all z such that |tan z| = 1. 


that this function is nowhere analytic. 


cos zsinhy are harmonic functions in C. 


Find the real and imaginary parts of the function sin Z and use them to show 


Without calculating the partial derivatives, explain why sinxcoshy and 
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45. 


46. 


AT. 


48. 


49. 


50. 


51. 


52. 


Prove that sinz is a one-to-one function on the domain —7/2 < x < 7/2, 
—o <y<m. 

Use the identity cos z = sin (z + 37) to find the image of the region —7 < x <0 
under the mapping w = cosz. Describe the images of vertical and horizontal 
lines in the region. 

Use the identity sinhz = —isin(iz) to find the image of the region 
—n/2<y<7/2, —co < & < oo, under the mapping w = sinhz. Describe 
the images of vertical and horizontal lines in the region. [Hint: The identity 
implies that w = sinh z is a composition of linear mappings and the complex 
mapping w = sin z.| 


Find the image of the region defined by —7/2 < x < 2/2, y > O, under 


1/4 


the mapping w = (sinz)’”, where z\/4 represents the principal fourth root 


function. 

Find the period of each of the following complex functions. 
(a) cosh z (b) sinh z (c) tanh z 
Find all zeros of each of the following functions. 

(a) cosh z (b) sinh z 

Verify the following identities. 

(a) sin(z +7) = —sinz (b) cos (z + 7) = — cos z 


Use the identities in Problem 51 to show that tan z is a periodic function with 
a real period of 7. 


4.4 Inverse Trigonometric and Hyperbolic Functions 


The complex logarithmic function In z was defined in Section 4.1 to solve equations of the 
form e”’ = z. Because the complex exponential function is periodic, there are infinitely many 
solutions to such equations, and, consequently, In z is necessarily a multiple-valued function. 
In this section we repeat this process for equations involving the complex trigonometric 
and hyperbolic functions. Because the complex trigonometric and hyperbolic functions 
are periodic, their inverse functions are multiple-valued. Furthermore, since the complex 
trigonometric and hyperbolic functions are defined in terms of the complex exponential 
function, their inverses will involve the complex logarithm. 


In (11) in Section 4.3 we found that the complex sine func- 
tion is periodic with a real period of 27. We also found that the sine function 
maps the complex plane onto the complex plane, that is, Range(sin z) = C. 
See Figure 4.12. These two properties imply that for any complex number 
z there exists infinitely many solutions w to the equation sinw = z. An ex- 
plicit formula for w is found by following the procedure used in Example 2 of 
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Section 4.3. We begin by using Definition 4.6 to rewrite the equation sin w = z 
as: 


=z or ev’ — ize” —1=0. 


Because e?” — 2ize’” — 1 =0 is a quadratic equation in e’” we can then use 
the quadratic formula (3) in Section 1.6 to solve for e’”: 

el = izt (1-27). (1) 
Since we are using the quadratic formula, we should keep in mind that the 
expression (1 — z?) 2 in (1) represents the two square roots of 1—z?. Finally, 
we solve for w using the complex logarithm: 


iw = In [iz + (1-27) i or w=-—iln [iz + (1- 22) 1/2) ; (2) 
Each value of w obtained from the second equation in (2) satisfies the equation 
sinw = z. Therefore, we call the multiple-valued function defined by the 


second equation in (2) the inverse sine. We summarize this discussion in 
the following definition. 


Definition 4.8 Inverse Sine 


The multiple-valued function sin~' z defined by: 


sin-/ z= —iln [iz ate (1 _ z7) — 


is called the inverse sine. 


At times, we will also call the inverse sine the arcsine and we will denote 
it by arcsin z. It is clear from (3) that the inverse sine is multiple-valued since 
it is defined in terms of the complex logarithm In z. It is also worth repeating 


that the expression (1 _ 2) U2 in (3) represents the two square roots of 1—z?. 


EXAMPLE 1 Values of Inverse Sine 
Find all values of sin7! V5. 


Solution By setting z= V5 in (3) we obtain: 


iV5 + (1 - (vs) "| 


=—-iln liv5 + (-4)"?] : 


sin-! /5 = —iln 
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1/2 


The two square roots (—4) 
1.4, and so: 


of —4 are found to be +2% using (4) in Section 


sin“! /5 = —iIn liv5 + 2i] mein (v5 2) il; 


Because (V5 E 2) i is a pure imaginary number with positive imaginary part 
(both V5 +2 and V5 — 2 are positive), we have |(W5 + 2) i| = /5 +2 and 
arg [(V/5 + 2) i] = 7/2. Thus, from (11) in Section 4.1 we have 


ln (v5 a 2) i — log. (v54 2) +74 (F + 2nm) 
for n = 0, +1, +2,... . This expression can be simplified by observing that 


log. (v5 -2) = log, 1 — log, (v5+2) = 0- log, (v5+2), 


1 
= log, —— 
Be 75 +2 


and so log, (V5 + 2) = +log, (V5 + 2). Therefore, 
—iln (v5 + 2) i =-4 flog. (v5 + 2) +4 (F + 2nm | 


—_ +108, (v5 +2) ae) 


and so 


4 1 
sin7 V5 = (ins vr + i log, (v5+ 2) 


for n = 0, +1, +2,... 


IDanucyuom Gre siitemcvelemM@ctatexcyei@™ Ve can easily modify the procedure 


used on page 215 to solve the equations cosw = z and tanw = z. This leads 
to definitions of the inverse cosine and the inverse tangent, which we now 
state. 


Definition 4.9 Inverse Cosine and Inverse Tangent 
The multiple-valued function cos~! z defined by: 


cos'z =—-iln E +i(1- ar (4) 


is called the inverse cosine. The multiple-valued function tan~! z de- 
fined by: 


tant z= >In (+ (5) 


is called the inverse tangent. 
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Both the inverse cosine and inverse tangent are multiple-valued functions 
since they are defined in terms of the complex logarithm Inz. As with the 
inverse sine, the expression (1 — 22)! * in (4) represents the two square roots 
of the complex number 1—z?. Every value of w = cos? z satisfies the equation 
cosw = 2, and, similarly, every value of w = tan~! z satisfies the equation 
tan w = z. 


isswcbaleslenw-biems-Cstethagt@imw@s The inverse sine and inverse cosine are 


multiple-valued functions that can be made single-valued by specifying a single 
value of the square root to use for the expression (1 — z*) ‘/? and asingle value 
of the complex logarithm to use in (3) or (4). The inverse tangent, on the 
other hand, can be made single-valued by just specifying a single value of In z 
to use. For example, we can define a function f that gives a value of the 
inverse sine by using the principal square root and the principal value of the 
complex logarithm in (3). If, say, z = V5, then the principal square root of 
2 
1—(V5)° = —4 is 2i, and 


Ln (iV5 + 24) =log, (V5 +2) + i/2. 


Identifying these values in (3) gives: 

f (v5) = ~ — ilog, (v5 +2) ~ 1.5708 — 1.44364. 
Thus, we see that the value of the function f at z = /5 is the value of sin7! /5 
associated to n = 0 and the square root 2i in Example 1. 

A branch of a multiple-valued inverse trigonometric function may be ob- 
tained by choosing a branch of the square root function and a branch of the 
complex logarithm. Determining the domain of a branch defined in this man- 
ner can be quite involved. Because this is an elementary text, we will not 
discuss this topic further. On the other hand, the derivatives of branches 
of the multiple-valued inverse trigonometric functions are easily found using 
implicit differentiation. To see that this is so, suppose that f; is a branch of 
the multiple-valued function F(z) = sin’ z. If w = fi(z), then we know that 
z =sinw. By differentiating both sides of this last equation with respect to 
z and applying the chain rule (6) in Section 3.1, we obtain: 

dw 1 


dw 
1 = cos w + —— ae (6) 


Now, from the trigonometric identity cos? w + sin? w = 1, we have cosw = 
(1 — sin? w) Be and since z = sin w, this may be written as cos w = (1 = 2 hiss 
Therefore, after substituting this expression for cos w in (6) we obtain the fol- 
lowing result: 

dw 1 

7 

z= = : 

fil ) dz Gag" 


If we let sin~' z denote the branch f,, then this formula may be restated in a 
less cumbersome manner as: 
1 
—sin-}z= 


dz (1 — 22)? 
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We must be careful, however, to use the same branch of the square root 
function that defined sin~' z when finding values of its derivative. 

In a similar manner, derivatives of branches of the inverse cosine and the 
inverse tangent can be found. In the following formulas, the symbols sin™? z, 
cos-! z, and tan! z represent branches of the corresponding multiple-valued 
functions. These formulas for the derivatives hold only on the domains of 
these branches. 


Derivatives of Branches sin~* z,cos~! z,andtan—! z 


il 
ail 
qn = a pip (7) 
—1 
ee, i = 
70s 2 a pir (8) 
il 
aes =il = 
7 tan” z ae (9) 


When finding the value of a derivative with (7) or (8), we must use the 
same square root as is used to define the branch. These formulas are similar 
to those for the derivatives of the real inverse trigonometric functions. The 
difference between the real and complex formulas is the specific choice of a 
branch of the square root function needed for (7) and (8). 


| EXAMPLE 2 Derivative of a Branch of Inverse Sine 


Let sin~+ z represent a branch of the inverse sine obtained by using the prin- 
cipal branches of the square root and the logarithm defined by (7) of Section 
4.2 and (19) of Section 4.1, respectively. Find the derivative of this branch at 
z=. 


Solution We note in passing that this branch is differentiable at z = 7 
because 1 — i? = 2 is not on the branch cut of the principal branch of the 
square root function, and because i (i) + (1 — py? = —1+4 V2 is not on the 
branch cut of the principal branch of the complex logarithm. Thus, by (7) we 
have: 


1 1 


1 
= = fa — yi? ~ 91/2" 


zi (1—22)172 


zZ=1 


Using the principal branch of the square root, we obtain 2!/? = \/2. Therefore, 


the derivative is 1//2 or 5V2. 
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Observe that the branch of the inverse sine used in Example 2 is not 
defined at, say, z = V5 because the point 1 — (5)? = —4 is on the branch 
cut of the principal branch of the square root. We can define a different 
branch of the inverse sine that is defined at this point. For example, consider 
the branch f2(z) = \/re’®/?, 0 < 6 < 2r, of the square root function. Because 
—4 = 4e’™, we have that f,(—4) = 2i. You should verify that if we define 
sin~' z to be the branch of inverse sine obtained using the branch f2 of the 
square root and the principal branch of the logarithm, then: 


1 = d 
sin-! /5 = a7 ilog, (v5 + 2) and ce sin’ z 
z 


ae 


[Daa vcrutem = Agoromele)tem wubaanleerme The foregoing discussion of inverse 


trigonometric functions can be repeated for hyperbolic functions. This leads 
to the definition of the inverse hyperbolic functions stated below. Once again 
these inverses are defined in terms of the complex logarithm because the 
hyperbolic functions are defined in terms of the complex exponential. 


Definition 4.10 Inverse Hyperbolic Sine, Cosine, and Tangent 


The multiple-valued functions sinh! z, cosh~' z, and tanh‘ z, defined 
by: 


sinh’ z = In E + (27+ ag) ; (10) 


cosh”! z (11) 


and tanh" z (12) 


are called the inverse hyperbolic sine, the inverse hyperbolic 
cosine, and the inverse hyperbolic tangent, respectively. 


The expressions (10)—(12) in Definition 4.10 allow us to solve equations 
involving the complex hyperbolic functions. In particular, if w = sinh! z, 
then sinh w = z; if w = cosh! z, then cosh w = z; and if w = tanh”! z, then 
tanh w = z. 

Branches of the inverse hyperbolic functions are defined by choosing 
branches of the square root and complex logarithm, or, in the case of the 
inverse hyperbolic tangent, just choosing a branch of the complex logarithm. 
The derivative of a branch can be found using implicit differentiation. The 
following result gives formulas for the derivatives of branches of the inverse 
hyperbolic functions. In these formulas, the symbols sinh~! z, cosh~’ z, and 
tanh! z represent branches of the corresponding inverse hyperbolic multiple- 
valued functions. 
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Derivatives of Branches sinh‘ z,cosh~' z, and tanh’ z 


Gana 1 
— sinh = —___ 13 
oe sin. z& @ iz pi? ( ) 
d =i il 
CLAP ike eesti) 14 
cE COS. z (2 = We ( ) 
Fo ann 1 
ae tanh zZ= j= (15) 


As with the inverse trigonometric functions, we should take care to be 
consistent in our use of branches when evaluating derivatives. Formulas (13)— 
(15) for the derivatives of branches of the complex inverse hyperbolic functions 
are the same as the analogous formulas for the derivatives of the real inverse 
hyperbolic functions except for the choice of branch required in (13) and (14). 


EXAMPLE 3. Inverse Hyperbolic Cosine 


Let cosh~' z represent the branch of the inverse hyperbolic cosine obtained 
by using the branch f2(z) = \/re’#/?, 0 < @ < 2, of the square root and the 
principal branch of the complex logarithm. Find the following values. 


(a) cosh”! - e 


(b) —cosh™! z 
dz z=V2/2 


Solution (a) In order to find cosh™* (3/2), we use (11) with z = $2 and 


the stated branches of the square root and logarithm. When z = $v2, we 


have that z* — 1 = —4. Since —} has exponential form $e'", the square root 


2 
given by the branch fo is: 


Wg 1, 1 2 
fel =e" )= [ser == v2, 
2 2 v2.2 


The value of our branch of the inverse cosine is then given by: 


ag v2 1/2 
cosh”? X= = In [2 + (27-1) =m 


where we take the value of the principal branch of the logarithm. Because 
|3V2 + $V2i| = 1 and Arg (3v2 + $V2i) = iT, the principal branch of the 
logarithm is log, 1 + i (;7) = 47%. Therefore, 

i V2 _ 7. 


ho —i. 
cos 5 a! 
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(b) From (14) we have: 
a 1 4 
z=V2/2 [(v2/2)° -1| 1/2 (—1/2) 


d 
ag cosh7! z 


1a 


After using f2 to find the square root in this expression we obtain: 


d =i] dl = 
— cosh ~ z = —— = -V i. 
dz z=V2/2 V2i/2 


The multiple-valued function F(z) = sin~* z can be visualized using the 
Riemann surface constructed for sin z in the Remarks in Section 4.3 and 
shown in Figure 4.16. In order to see the image of a point zo under 
the multiple-valued mapping w = sin! z, we imagine that zo is lying 
in the zy-plane in Figure 4.16. We then consider all points on the Rie- 
mann surface lying directly over zo. Each of these points on the surface 
corresponds to a unique point in one of the squares S;, described in the 
Remarks in Section 4.3. Thus, this infinite set of points in the Riemann 


surface represents the infinitely many images of zo under w = sin”! z. 
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Figure 4.16 A Riemann surface for In Problems 1-10, find all values of the given quantity. 


w=sin7!z 


1. cos-ti 2. sin7'1 

3. sin7' V2 4A. cos 2 

5: tan7 1 6. tan! 2% 

7. sinh 14 8. oats 

9. tanh + (1+ 2i) 10. tanh™' (/2i) 


In Problems 11-16, use the stated branch of the multiple-valued function z'/? and 
principal branch of In z to (a) find the value of the inverse trigonometric or hyperbolic 
function at the given point and (b) compute the value of the derivative of the 
function at the given point. 


14. use the principal branch of z!/? 


11. sin-!z, z= 5 
12. cos-}z,z= 3; use the branch Vre®/?, 0< 6 < 2n, of gil? 
13. tan-}z,z=1 

14. sinh~! z, z = 0; use the principal branch of 2/2 


15. cosh~! z, z = —i; use the branch Jre?/?, 24 <0 <0, of z1/? 


16. tanh! z, z= 3% 
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17. Derive formula (4) for cos~'z by modifying the procedure used to derive the 


formula for arcsine on page 215. 


18. Derive formula (10) for sinh~' z by modifying the procedure used to derive the 
formula for arcsine on page 215. 


19. Use implicit differentiation to derive formula (8) for the derivative of a branch 
of the inverse cosine. 


20. Use implicit differentiation to derive formula (12) for the derivative of a branch 
of the inverse hyperbolic tangent. 


21. (a) Prove that sinz is one-to-one on the domain —7/2 < a < 7/2, 
—co <y<o. 


(b) Which square root and which branch of the logarithm should be used so 
that the mapping w = sin’ z takes the half-plane Im(z) > 0 onto the 
region —7/2 <u < 7/2, v > 0, that is, so that w = sin“! 
mapping of the mapping in part (a)? 


z is the inverse 


22. Prove the following identities. 


(a) sin7* le _ ay" =cos~* (+z) 


(b) sin“ z+ cos7*z = $(4n+1)x,n=0, +1, +2,... 


4.5 Applications 


In Section 3.4 we saw the important role that harmonic functions play in the fields of 
electrostatics, fluid flow, gravitation, and heat flow. It is often the case that in order to 
solve an applied problem in one of these fields we need to find a function ¢(#, y), which is 
harmonic in a domain D and which takes on specified values on the boundary of D. In this 
section we will see that mapping by analytic functions can often help solve these types of 
problems. 


Find @ so that 
V*¢=0inD 


kp Dyistealcimmasneleltcsyeatcy Suppose that D is a domain in the complex 


Gah plane. Recall from Section 3.3 that a real-valued function ¢ of two real vari- 
ables x and y is called harmonic in D if ¢ has continuous first and second-order 
partial derivatives and if ¢ satisfies Laplace’s equation V7¢ = 0, 


=k 62 By 
: or oe ee (1) 
and @ takes on the Ox? Oy? 
specified values 
on the boundary In Section 3.4 we defined a Dirichlet problem to be the problem of finding 


a function 6(z, y) that is harmonic in D and that takes on specified values 
Figure 4.17 Dirichlet problem on the boundary of D. See Figure 4.17. The specifications of the values of 


-1 1 


Figure 4.18 Dirichlet problem from 
Example 2 of Section 3.4 
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the function ¢ on the boundary of D are called boundary conditions. For 
example, consider the problem: 


Pb Pb _ 


Solve: 72 + Dy? 


0, l<r<l—-w<y<aw 


Subject to: é(—l,y)=ko, (1,y)=hki, -co<y<o, 


where ko and ky, are real constants. This is a Dirichlet problem in the domain 
D bounded by the vertical lines « = —1 and « = 1. See Figure 4.18. In 
Example 2 in Section 3.4 we used elementary techniques from differential 
equations to find the solution 


_ ki —ko ky + ko 


o(ay) = Aon + AS (2) 


of this particular Dirichlet problem. You should reread this example in Section 
3.4 to remind yourself of how this solution was found. 


Harmonic Functions and Analytic Mappings i Gistrammars 


Dirichlet problem represented in Figure 4.18 was relatively easy to solve be- 
cause of the simple shape of the domain D. The techniques used to solve this 
type of Dirichlet problem do not, in general, apply to Dirichlet problems in 
a more complicated domain. A function f that is analytic in a domain D 
and that maps D onto a domain D’ is called an analytic mapping of D 
onto D’. It is often the case that a Dirichlet problem in a complicated do- 
main D can be solved by finding an analytic mapping of D onto a domain D’ 
in which the associated, or transformed, Dirichlet problem is easier to solve. 
This technique will be presented briefly here and discussed in greater detail 
in Chapter 7. The key to this method for solving Dirichlet problems is the 
following theorem, which shows that Laplace’s equation is invariant under an 
analytic mapping. 


Theorem 4.5 Harmonic Function under an Analytic Mapping 


Let w = f(z) be an analytic mapping of a domain D in the z-plane onto 


a domain D’ in the w-plane. If the function ®(u, v) is harmonic in D’, 
then the function ¢(z, y) = ®(u(x, y), v(x, y)) is harmonic in D. 


Proof In order to prove that the function (2, y) is harmonic in D, we must 
show that ¢(a, y) satisfies Laplace’s equation (1) in D. We begin by finding 
the partial derivatives of é(a,y) with respect to x. Since 


o(x,y) = O(u(z,y), o(@, y)), 
the chain rule of partial differentiation gives: 


Ob OP OW oA ae 
Ox = Oudx = Ov Oa 
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A second application of the chain rule combined with the product rule gives 
the second partial derivative with respect to x: 


Ou2 Ox | OvOu Ox 
& Ou | aro) Ov | O® 0?v 


Po (PGAu AS Ov\ du IP Hu 
Ox? Ox Ou Ox? 


(3) 


' \ Qudvu Ox (Ov? Ox) Ox | Ov Ox?" 


In a similar manner we find the second partial derivative with respect to y: 


Pb (Sa Ou O® | Ou a‘: 0® 07u 

Oy? Ou? Oy Ovdudy/) Oy Ou Oy? (4) 
( PD du ao x) Ov 4s O08 0? vu 
' \ udu dy © Ov? Ay) By ° Ov Oy?’ 


By adding equations (3) and (4) we obtain: 


vg 28 duY | (QUY\ PH ( (dV | (dv 
Ou? dx) ° \ dy Ov? dx) * \ dy 
08 ( 0?u Oru , 22 Ou O?u (5) 
du \ Ax? ° Oy2) ° Ov \ Ax? * Oy? 


Pd Oo du dv | Oudu 

Ovdu | Oudv) \ Ax Ax ° Oy By)” 
Because f is an analytic function in D, we know from Theorem 3.4 that 
Ou Ov Ou Ov 


the Cauchy-Riemann equations are satisfied by = and a F 
Ox Oy Oy Ox 

Moreover, from Theorem 3.7 we have that wu and v are harmonic conjugates 

. Ou Oru Ou Ou 

1n D, and so Bet + dy? = 0 and age + ay2 => 0. Thus, (5) becomes: 


wo ((0)(2)) (CO) 
-vo(() +(#)). 


du\2 
Using (9) in Section 3.2, we see that (=) + ( 


Ov 
Ox Ox 


equation for V?@ simplifies to the following: 


2 
) = |f’(2)|, and so this 


V2¢ = V78- |f'(z)|? (6) 
Since ®(u, v) is harmonic in D’, V?® = 0, and so (6) becomes 
V2 =0-|f/(z)|? =0. (7) 


Finally, from (7) we conclude that ¢(a, y) satisfies Laplace’s equation in D. 
Therefore, the function ¢(x, y) is harmonic in D. YQ 


Figure 4.20 Figure for Example 1 
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A Method to Solve Dirichlet Problems FRRAWGiieaocssoaaey 


method for solving Dirichlet problems using Theorem 4.5. Let D be a domain 


whose boundary consists of the curves Cy, Co, ... Cy. Suppose that we wish 
to find a function ¢(a, y) that is harmonic in D and that takes on the values 
ky, ko, ... Kp, on the boundary curves Cy, Co, ... Cn, respectively. Our 


method for solving such a problem consists of the following four steps. 


Steps for Solving a Dirichlet Problem 


1. Find an analytic function f(z) = u(x, y) + iv(a, y) that maps the 
domain D in the z-plane onto a simpler domain D’ in the w-plane 


and that maps the boundary curves Cy, Co, ..., Cy onto the curves 
Cho Cb cog CL, Regazeiaclly. 

2. Transform the boundary conditions on Cy, Co, ... Cn to boundary 
conditions on Cy, C5, ..., Ch. 


3. Solve this new (and easier) Dirichlet problem in D' to obtain a har- 
monic function ®(u, v). 


4. Substitute the real and imaginary parts u(x, y) and u(a, y) of f for the 
variables u and v in ®(u, v). By Theorem 4.5, the function o(a, y) = 
P(u(x, y), v(x, y)) is a solution to the Dirichlet problem in D. 


We illustrate the general idea of these steps in Figure 4.19. 


Figure 4.19 Transforming a Dirichlet problem 


EXAMPLE 1 Using Mappings to Solve a Dirichlet Problem 


Let D be the domain in the z-plane bounded by the lines y = x and y= x+2 
shown in color in Figure 4.20. Find a function $(z, y) that is harmonic in D 
and satisfies the boundary conditions ¢(a, «+ 2) = —2 and @(a2, x) =3. 


Solution We will solve this problem using the four steps given above. 
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V-@ = 0 


Figure 4.21 The transformed Dirichlet 


problem for Example 1 
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Step 1 Inspection of the domain D in Figure 4.20 suggests that we take D’ 
to be a domain bounded by the lines u = —1 and u = 1 in which a solution 
of the associated Dirichlet problem is given by (2). 

Our first step is to find an analytic mapping from D onto D’. In order 
to do so, we first rotate the region D through 7/4 radians counterclockwise 
about the origin. Under this rotation, the boundary lines y= «+2 andy=a 
are mapped onto the vertical lines u = —V2 and u = 0, respectively. If we 
next magnify this domain by a factor of /2, we obtain a domain bounded by 
the lines u = —2 and u=0. Finally, we translate this image by 1 in order to 
obtain a domain bounded by the lines u = 1 and u = —1 as desired. Recall 
from Section 2.3 that rotation through 7/4 radians about the origin is given 
by the mapping R(z) = e’*/+, magnification by V2 is given by M(z) = V2z, 
and translation by 1 is given by mapping T(z) = z+1. Therefore, the domain 
D is mapped onto the domain D’ by the composition 


f(z) =T(M(R(z))) = V2e""/424-1= (14241. 


Since the function f is a linear function, it is entire, and so we have completed 
Step 1. 


Step 2 We now transform the boundary conditions on D to boundary con- 
ditions on D’. In order to do so, we must find the images under w = f(z) of 
the boundary lines y = x and y = «+2 of D. By replacing the symbol z with 
x + iy, we can express the mapping w = (1+ 7)z+1 as: 


w=(1+i(@+iy)+l=2—-ytlt+(et+y)i. (8) 


From (8) we find that the image of the boundary line y = x + 2 is the set of 
points: 


w=utiw=2—(e@+2) +14 @+@+2))i=-14 e411) 


which is the line u = —1. In a similar manner, we also find that the image of 
the boundary line y = z is the set of points: 


w=ut+iw=a—-(2) +14 (e+ (2))i=1+ 2x 


which is the line u = 1. Therefore, the boundary condition (a, « +2) = —2 
is transformed to the boundary condition ®(—1, v) = —2, and the boundary 
condition ¢(a, x) = 3 is transformed to the boundary condition ®(1, v) = 3. 
See Figure 4.21. 


Step 3 A solution of the Dirichlet problem in D’ is given by (2) with a and 
y replaced by u and v, and with kg = —2 and ky = 3: 


52 (=2) 2+3_ 5 1 
u -+ 


Step 4 The final step in our solution is to substitute the real and imaginary 
parts of f into ® for the variables u and v to obtain the desired solution ¢. 
From (8) we see that the real and imaginary parts of f are: 


u(z,y)=z-—yt+1 and v(z,y)=2+y, 
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respectively, and so the function: 


pce a ye: OA) 


o(x,y) = G(u(z, y), v(z, y)) = 9 2 2 2 


is a solution of the Dirichlet problem in D. You are encouraged to verify by 
direct calculation that the function @ given in (9) satisfies Laplace’s equation 


and the boundary conditions ¢(#, 7) = 3 and d(x, « +2) = —2. 


In Section 3.4, we saw that if ¢@ is harmonic in a domain D and if w isa 
harmonic conjugate of ¢ in D, then the complex potential function 2(z) 
given by: 


Q(z) = O(a, y) + (2, y) 


is an analytic function in D. Thus, the level curves of ¢ and w are orthogonal 
families of curves as defined in Section 3.4. The physical meaning of the level 
curves of ¢ and w for applications to electrostatics, fluid flow, gravitation, 
and heat flow are summarized in Table 3.1 in Section 3.4. For example, if the 
function ¢ in Example 1 represents the electrostatic potential between two 
infinitely long conducting plates, then the level curves ¢(x, y) = Ci represent 
equipotential curves. Since ¢(a, y) = 32 — $y +3, the equipotential curves 
are given by y = x+c1, where c, = 2 (3 —C,). These equipotential curves, 
which are lines with slope 1, are shown in color in Figure 4.22. In order 
to find a harmonic conjugate ~ of ¢, we proceed as in part (b) of Example 
2 in Section 3.3. Since the conjugate ~ must satisfy the Cauchy-Riemann 
equations 0w/Oy = 0¢/0x and OW /dx = —0¢/dy, we must have: 

an) qd Oy 5 
of a 
Partial integration of the first of these equations with respect to y gives 
w(x, y) = 3y+h(x). The partial derivative with respect to x of this equation 
is Ow/Ox = h'(a). Substituting this into the second of the Cauchy-Riemann 
equations implies that h/(x) = 3, and so h(x) = 3a +c, where c is any real 
constant. Setting c = 0, we obtain the harmonic conjugate u(x, y) = 32+3y 
of ¢(a, y). Therefore, a complex potential function for ¢ is 


(2) = (2,4) + Wey) = 32 —2yt3ti & | 51) : 


If ¢ represents electrostatic potential, then the level curves W(x, y) = C2 
represent lines of force. Since U(x, y) = 3a + 3y, the lines of force are given 
by y = —a% + cg where cz = 20). The lines of force are shown in black in 
Figure 4.22. 

The method used in Example 1 can be generalized to solve a Dirichlet 
problem in any domain D bounded by two parallel lines. The key to solv- 
ing such a problem is finding an appropriate linear function that maps the 
: boundary lines of D onto the boundary lines of the domain shown in Figure 
bine foe Soien toe Eee aeaglise 4.18. See Problems 1-4 in Exercises 4.5. 


Figure 4.22 Equipotential curves and 
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V*o=0 


Figure 4.23 A Dirichlet problem in the 
half-plane y > 0 


V-¢=0 


Figure 4.24 A Dirichlet problem in the 
half-plane y > 0 
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Dirichlet Problem in a Half-Plane RRR amiymancmety ous tlie 


plane y > 0, and let x1 < 42 <... < &», be n distinct points on the real axis 
(which is the boundary of D). For many applications, it is useful to know 
a solution ¢ of the Dirichlet problem in the D that satisfies the boundary 
conditions ¢(a, 0) = ko for x < 21, O(a, 0) = ky for a1 < a4 < 22, O(a, 0) = ke 
for t2 <a2<a3... O(a,0) =k, for rz, < xv. See Figure 4.23. If z = x + iy, 
then a solution of this Dirichlet problem given by: 

(0, y) = kn + —S> (ia — fi) Arg (2 — 2%). (10) 

Otek 

The derivation of this solution will be discussed in Section 7.4. As an appli- 
cation of (10), consider the Dirichlet problem: 


o? oe? 
Solve: _ ie =0,-w<4a<w,y>d. 
-1,-o<2<0 
Subject to: o(2,0)=< 1, O<a@<2 


4, 2<42<@. 


See Figure 4.24. A solution of this problem is given by (10) with 2, = 0, 
v2 2, ko —-1, ky i and ko = 4: 


d(a,y) =4 * arg (2) * arg (z 2) (11) 


We will now directly verify that the function ¢(a, y) in (11) is a solution of 
this Dirichlet problem. To see that ¢ is harmonic in the domain y > 0, we 
note that ¢ is the imaginary part of the function 


Q(z) = 4¢ — (2/7) Ln (z) — (38/7) Ln (z — 2). 


Since 2 is analytic in the domain y > 0, it follows that ¢ is harmonic in the 
domain y > 0. We next verify that ¢ satisfies the boundary conditions shown 
in Figure 4.24. If -coo < « < 0 and y = 0, then z = x + vy is on the negative 
real axis and so Arg(z) = 7. In this case, we also have that z— 2 is on the 
negative real axis and so Arg(z — 2) = 7 as well. Substituting these values in 
(11) yields: 


ety =4+ es Sei, 
7 


1 
On the other hand, if 0 < « < 2 and y = 0, then z is on the positive real axis, 
while z— 2 is on the negative real axis. Thus, Arg(z) = 0 and Arg(z—2) = 7. 
After substituting these values in (11) we see that: 


2 3 
o(a,0) =4— -0--7r=1. 
T T 
Finally, if 2 < « < oo and y = 0, then z and z — 2 are on the positive real 
axis, and so Arg(z) = Arg(z — 2) =0. Therefore, 


2 
Pr er eee eee eer 
TT 70 


V*o=0 


U3 = 
-E 9=20 


Figure 4.25 Figure for Example 2 


af TT 
o=50 # 


V°®=0 


Figure 4.26 Transformed Dirichlet 


problem for Example 2 
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Therefore, we have shown that the function ¢ in (11) is a solution of the 
Dirichlet problem shown Figure 4.24 as claimed. 


EXAMPLE 2 A Heat Flow Application 


Find the steady-state temperature ¢(a, y) in the vertical semi-infinite strip 
shown in color in Figure 4.25. That is, solve the Dirichlet problem in the 
domain D defined by —1/2 < « < 7/2, y > 0, where the boundary conditions 
are: 


b(—1/2,y) = 40, b (m/2,y) = 10, y> 0 
20, —t/2<a <0 
50, 0<a<_a/2. 


p(x, 0) = 


Solution From Section 3.4, the steady-state temperature ¢@ must satisfy 
Laplace’s equation (1) in D. We proceed as in Example 1. 


Step 1 In Section 4.3, we saw that the mapping w = sin z takes the domain 
D onto the upper-half plane D’ given by v > 0. See Example 3 in Section 
4.3. Because sin z is an entire function, w = sin z is an analytic mapping of D 
onto D’. 


Step 2 From Example 3 in Section 4.3 we have that w = sin z maps: 


(i) the half-line « = —7/2, y > 0, onto the half-line v = 0, u < —1, 

(ti) the segment y = 0, —7/2 < x < 0 onto the segment v = 0, -1 <u <0, 
(ii1) the segment y = 0, 0 < x < 7/2 onto the segment v = 0,0 <u <1, and 
(iv) the half-line « = 7/2, y > 0, onto the half-line v = 0, u > 1. 


This transforms the Dirichlet problem in the domain D shown color in Figure 
4.25 onto the Dirichlet problem in the half-plane v > 0 shown in gray in Figure 
4.26. That is, the transformed Dirichlet problem is: 


rb oh 


Solve: Bue Buz = 


0 


40, -co<u<-l 
20, 
50, 


-l<u<0 
Subject to: o(u,0) = 
O<u<l 


10, l<u<mw. 


Step 3 A solution of the transformed Dirichlet problem in Step 2 is given 
by (10) with the symbols x, y, and z replaced by u, v, and w, respectively. 
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Setting ko AO, ky 20, ko 50, k3 10, U1 -1, U2 = 0, and U3 = if we 
obtain: 


®(u,v) = 104 Dg (w+ 1) oO ye (w) + a hing (w—1). (12) 
T 7 7 


Step 4 A solution ¢ of the Dirichlet problem in the domain D is found by 
replacing the variables wu and v in (12) with the real and imaginary parts of 
the analytic function f(z) = sin z. Since 


sinz=sinxcoshy+icosxsinhy and w=u-+iv, 


this is equivalent to replacing w with sin z in (12). Therefore, 


d(a,y) =10+ 7 arg (sin(z) + 1) — arg (sin z) + A arg (sin(z) — 1) (13) 


is a solution of the Dirichlet problem in D. If desired, the function @ can 
be written in terms of x and y, provided that we are careful with our use of 
the real arctangent function. In particular, if the values of the arctangent are 
chosen to lie between 0 and 7, then the function ¢ in (13) can be written as: 


20 cos x sinh y 30 cos x sinh y 
d(x, y) = 10 + — arctan | — arctan {| ———— 
T sinxcoshy + 1 T sin x cosh y 


40 cos x“ sin y 
+ — arctan : 
TT 


sin x cosh y — 1 


—— 


Observe that the function 
20 30 40 
Q(z) = 10% + —Ln (sin(z) + 1) — —Ln (sin z) + —Ln (sin(z) — 1) 
T 3 T 


is analytic in the domain D given by —7/2 < a < 7/2, y > 0, and shown in 
color in Figure 4.25. Since the imaginary part of Q(z) is the function ¢ given 
by (13), the real part w of Q(z) is a harmonic conjugate of ¢ . Therefore, 
Q(z) is a complex potential function of the function ¢ in Example 2. In heat 
flow problems, the level curves of the steady-state temperature @ are called 
isotherms, whereas the level curves of its harmonic conjugate w are called 
lines of heat flux. In Figure 4.27 we have sketched the level curves for the 
heat flow problem in Example 2. The isotherms are the curves shown in color 
and lines of heat flux are the curves shown in black. 


Figure 4.27 The isotherms and lines of 
heat flux for Example 2 


DDG TNO DS ZS Answers to selected odd-numbered problems begin on page ANS-165. 


In Problems 1-4, (a) use a linear mapping and (2) to find the electrostatic potential 
(x, y) in the domain D that satisfies the given boundary conditions, (b) find a 
complex potential function Q(z) for d(x, y), and (c) sketch the equipotential curves 
and the lines of force. 
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1. The domain D is bounded by the lines x = 2 and x = 7, and the boundary 
conditions are ¢(2, y) = 3 and ¢(7, y) = —2. 


2. The domain D is bounded by the lines y = 0 and y = 3, and the boundary 
conditions are ¢(a, 0) = 1 and ¢(z, 3) =2. 


3. The domain D is bounded by the lines y = V3a and y = V3a 4+ 4, and the 
boundary conditions are ¢ (2; V3z2) =10and ¢ (a JV3a + 4) aa 


4. The domain D is bounded by the lines y = x +2 and y = «+44, and the 
boundary conditions are ¢(a, +2) = —4 and ¢(x2, +4) =5. 


In Problems 5-8, (a) use the analytic mapping w = sin z and, if necessary, linear 
y mappings together with (10) to find the steady-state temperature ¢(x, y) in the 
domain D that satisfies the given boundary conditions, and (b) find a complex 
potential function Q(z) for d(a, y). 
5. The domain D is given by 1/2 < x < 37/2, y > 0, and the boundary conditions 
are d(7/2, y) = 20, d(x, 0) = —13, and @ (37/2, y) = 12. 


6. The domain D is bounded by —3 < x < 3, y > 1, and the boundary conditions 
are $ (-3, y) — 1, p(x, 1) = 3, and 6 (3, y) =65. 


7. The domain D is bounded by —7/2 < y < m/2, x > 0, and the boundary 
conditions are ¢(a,—7/2) = 15, ¢(0, y) = 32, and @(a, 1/2) = 23. 


8. The domain D is bounded by the lines y = 44+ 2, y = « — 2, and y = —z. 
Figure 4.28 Figure for Problem 9 In D the points z = x + ty satisfy y > —a. The boundary conditions are 
g(x, +2) = 10, d(a@, —x) =7, and O(a, x— 2) =5. 


[Focus on Concepts| on Concepts 


9. Use the analytic mapping w = z'/4 and (10) to solve the Dirichlet problem 
shown in Figure 4.28. Find a complex potential function Q(z) for d(x, y). 


10. Use the analytic mapping w = sin‘ z and (2) to solve the Dirichlet problem 
shown in Figure 4.29. Find the complex potential function Q(z) for ¢(a, y). 


[Computer Lab Assignments Lab Assignments 


In Problems 11-14, use a CAS to plot the isotherms and lines of heat flux for the 
given heat flow. 
11. The heat flow in Problem 5. 


1 @=10 


Figure 4.29 Figure for Problem 10 12. The heat flow in Problem 6. 
13. The heat flow in Problem 7. 
14. The heat flow in Problem 8. 


In Problems 15 and 16, use a CAS to plot the level curves ¢ = c; and w = c2 of the 
given complex potential function Q(z). 


15. Q(z) is the complex potential function in Problem 9. 


16. Q(z) is the complex potential function in Problem 10. 
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Answers to selected odd-numbered problems begin 
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In Problems 1—20, answer true or false. If the statement is false, justify your answer 


by either explaining why it is false or giving a counterexample; if the statement is 


true, justify your answer by either proving the statement or citing an appropriate 


result in this chapter. 


1. 


If |e*| = 1, then z is a pure imaginary number. 


2. Re(e*) = cosy. 


= 


In Problems 21-40, try to fill in the blanks without referring back to the text. 


21. 


22. 
23. 
24. 
25. 
26. 
27. 


De a 


The mapping w = e* takes vertical lines in the z-plane onto horizontal lines in 


the w-plane. 

There are infinitely many solutions z to the equation e* = w. 
Int = Ti. 

Im (In z) = arg(z). 

For all nonzero complex z, e’"* = z. 


If w; and wz are two values of In z, then Re (wi) = Re (w2). 


Ln + = —Lnz for all nonzero z. 


. For all nonzero complex numbers, Ln (2122) =Ln z1+Ln z2. 


. Lnz is an entire function. 


The principal value of i’*? is etl 2te 


The complex power z is always multiple-valued. 


. cosz is a periodic function with a period of 27. 


There are complex z such that |sin z| > 1. 


. tanz has singularities at z = (2n + 1) 7/2, for n = 0, +1, +2,... 


. cosh z = cos(iz). 


= ari is a zero of cosh z. 


The function sin Z is nowhere analytic. 


. Every branch of tan™! z is entire. 


The real and imaginary parts of e* are u(z, y) = 

v(x, y) = 

The domain of Ln z is ______, and its range is 

Ln (V3 + i) a 

The complex exponential function e* is periodic with a period of 
If e** = 2, then z = 

Ln (eo) = 


Ln z is discontinuous on 


and 
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28. 


29. 
30. 
31. 


32. 
33. 


34. 
35. 
36. 


37. 
38. 


39. 
40. 


The line segment = a, —t7 < y < 7, is mapped onto ________ by the 
mapping w = e*. 
In(1+i%) = 


If Inz is pure imaginary, then |z| = 


zy = 1 and z2 =_________ are two real numbers for which the principal value 
z=. 


The principal value of 7’ is 


On the domain |z| > 0, —m < arg(z) < 7, the derivative of the principal value 
of z® is 


The complex sine function is defined by sin z = 
cos (47) = 


The semi-infinite vertical strip —7/2 < x < a/2, y > 0, is mapped onto 
by w =sinz. 


The real and imaginary parts of sin z are and , respectively. 


The complex sine and hyperbolic sine functions are related by the formulas 
sin(iz) =________ and sinh(iz) = 


tanh”! z is not defined for z = 


In order to compute a specific value of sin~! z you need to choose a branch of 
and a branch of 


Normalized velocity vector field for 
f(z) = (1 + i)z See page 293. 


5 Integration 


5.1 
5.2 
5.3 
5.4 


5.5 


5.6 


in the 
Complex Plane 


Real Integrals 

Complex Integrals 
Cauchy-Goursat Theorem 
Independence of Path 


Cauchy’s Integral Formulas and their Consequences 
5.5.1 Cauchy’s Two Integral Formulas 


5.5.2 Some Consequences of the Integral Formulas 
Applications 
Chapter 5 Review Quiz 


Introduction To define an integral of a complex 
function f, we start with a complex function f 
defined along some curve C’ or coutour in the 
complex plane. We shall see in this section that 
the definition of a complex integral, its proper- 
ties, and method of evaluation are quite similar 
to those of a real line integral in the Cartesian 
plane. 
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5.1 Real Integrals 


To the Instructor: We present this section as a review of the definitions and methods 
of evaluation of the definite integral and line integrals in the plane. In our experience we 
have found that a re-examination of this material contributes to a smoother introduction to 
complex integration. You can, of course, skip this section and move directly into complex 
contour integrals if you think your students have adequate familiarity with these concepts. 
However, the terminology about curves in the plane introduced in this section will be used 
in the succeeding section. 


IDYciinemannceaelm It is likely that you have retained at least two as- 


sociations from your study of elementary calculus: the derivative with slope, 
and the definite integral with area. But as the derivative f’() of a real func- 
tion y = f(a) has other uses besides finding slopes of tangent lines, so too 
the value of a definite integral 1 f(a) dx need not be area “under a curve.” 
Recall, if F(x) is an antiderivative of a continuous function f, that is, F is a 
function for which F’(#) = f(a), then the definite integral of f on the interval 
[a, b] is the number 


Loa 


b 
[ f@ar= F@I) = FO) - Flo) (1) 


2 
For example, i xdx = at | = §—( —}) =3. Bear in mind that the fun- 


damental theorem of calculus, just given in (1), is a method of evaluating 
ft f(x) dz; it is not the definition of ah f(x) da. 

In the discussion that follows we present the definitions of two types of 
real integrals. We begin with the five steps leading to the definition of the 
definite (or Riemann) integral of a function f; we follow it with the definition 
of line integrals in the Cartesian plane. Both definitions rest on the limit 
concept. 


Steps Leading to the Definition of the 
Definite Integral 


1. Let f be a function of a single variable x defined at all points in a 


poe * 
re | mu closed interval [a, bl. 
aan Tel * ne 2. Let P be a partition: 


Figure 5.1 Partition of [a, b] with xf 

; , Oh = Wy K ay K ay Koos K Py Ky, = 

in each subinterval [z,_1, xx] 
of [a, b] into n subintervals [xp~-1, Lx] of length Ax, = XE — Lp-1. 
See Figure 5.1. 
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3. Let ||P|| be the norm of the partition P of |a, b], that is, the length 
of the longest subinterval. 


4. Choose a number x7, in each subinterval [xz-1, tx] of [a, db]. See 


Figure 5.1. 
5. Form n products f(x;)Ar,, k = 1, 2, ..., n, and then sum these 
products: 
ea ae. 
k=1 


Definition 5.1 Definite Integral 
The definite integral of f on [a, }] is 


b n 
/ f(a) dx = lim S- f(a7,) Arr. 
. k=1 


Plo 


Whenever the limit in (2) exists we say that f is integrable on the 
interval [a, b] or that the definite integral of f exists. It can be proved that 
if f is continuous on [a, 6], then the integral defined in (2) exists. 

The notion of the definite integral bs f(x) dx, that is, integration of a real 
function f(x) over an interval on the x-axis from x = a to « = b can be 
generalized to integration of a real multivariable function G(x, y) on a curve 
C from point A to point B in the Cartesian plane. To this end we need to 
introduce some terminology about curves. 


Suppose a curve C’ in the plane is parametrized by a set 
of equations # = x(t), y= y(t), a<t < b, where x(t) and y(t) are continuous 
real functions. Let the initial and terminal points of C, that is, (x(a), y(a)) 
and (a(b), y(b)), be denoted by the symbols A and B, respectively. We say 
that: 


(1) C is a smooth curve if x’ andy’ are continuous on the closed interval 
(a, 6] and not simultaneously zero on the open interval (a, b). 


(ii) C is a piecewise smooth curve if it consists of a finite number of 


smooth curves C), Co,... , Cy, joined end to end, that is, the terminal 
point of one curve Cy coinciding with the initial point of the next curve 
Cet: 


(iii) C is a simple curve if the curve C does not cross itself except possibly 
att=aandt=b. 


(iv) C is a closed curve if A = B. 


(v) C is a simple closed curve if the curve C does not cross itself and 
A= B; that is, C is simple and closed. 
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B 
B 
Cy 
Cy C; 

A A 
(a) Smooth (b) Piecewise smooth 

curve and curve and simple 

simple 

A=B 
A=B 


(c) Closed but (d) Simple closed 
not simple curve 


Figure 5.2 Types of curves in the plane 


Figure 5.3. Partition of curve C into n 
subarcs induced by a partition P of the 


parameter interval [a, ] 
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Figure 5.2 illustrates each type of curve defined in (7)—(v). 


Line Integrals in the Plane [WB e atte iacoesicgocw cei Ierodnd se 
definition of three line integrals* in the plane and are analogous to the five 
steps given prior to the definition of the definite integral. 


Steps Leading to the Definition of Line Integrals 


1. Let G be a function of two real variables « and y defined at all points 
on a smooth curve C that lies in some region of the zy-plane. Let C 
be defined by the parametrization x = x(t), y= y(t),a<t<b. 


2. Let P be a partition of the parameter interval [a, b] into 
n subintervals [t, 1, tr] of length At, = ty — tri: 


= iy <i Kip K 234 Kai <i =O 


The partition P induces a partition of the curve C' into n subarcs of 
length As,. Let the projection of each subarc onto the x- and y-axes 
have lengths Ax, and Ay ,, respectively. See Figure 5.8. 


3. Let ||P|| be the norm of the partition P of |a, 6], that is, the length of 
the longest subinterval. 


Choose a point (x;, yz) on each subarc of C. See Figure 5.8. 


5, onm m jorcines Clac,u Vie, Clap) NG, Cle, op WNan 
k=1, 2,..., n, and then sum these products 


SS" G(aj, yi)Acs, Salat, yp )Aye, and Salat, yn ASK. 
ci 


k—1 (el 


Definition 5.2 Line Integrals in the Plane 


(i) The line integral of G along C with respect to z is 


G(az,y) dz = G(x, Ax 
[een in, a t, ut) Ace. 


(ii) The line integral of G along C with respect to y is 


G(a,y)dy= lim G(x, A 
[ (x,y) dy in. is Ya) Aye 


(Definition continues on page 239) 


*An unfortunate choice of names. Curve integrals would be more appropriate. 


t 
t = 0 gives (4, 0) 


Figure 5.4 Path C of integration 
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(iit) The line integral of G along C' with respect to arc length s 
is 


n 


G(x,y)ds = lim G(az, yz) Asp. 5 
[Geends= fim Slab, vi) Ass (5) 


It can be proved that if G is continuous on C, then the three types of line 
integrals defined in (3), (4), and (5) exist. We shall assume continuity of G 
as matter of course. The curve C is referred to as the path of integration. 


Method of Evaluation—C' Defined Parametrically Jur 


line integrals in Definition 5.2 can be evaluated in two ways, depending on 
whether the curve C' is defined by a pair of parametric equations or by an 
explicit function. Either way, the basic idea is to convert a line integral to a 
definite integral in a single variable. If C' is smooth curve parametrized by 
x = x(t), y = y(t), a <t < b, then replace x and y in the integral by the 
functions x(t) and y(t), and the appropriate differential dz, dy, or ds by 


a’ (t) dt, y/(t)dt, or 4/[x'(t))° + [y'(b)]? dt. 


The term ds = ,/ [x'(t)|’ + [y’(t)]’ dt is called the differential of the arc length. 
In this manner each of the line integrals in Definition 5.2 becomes a definite 
integral in which the variable of integration is the parameter t. That is, 


b 
[Genae= f aeot,uo) 2a, (6) 
Cc a 
b 
[cena =f eeo.ve)v oat (7) 
C a 
b 
[ eenas= f e).ue) Yew? +O? a. (8) 
ce a 


EXAMPLE 1 C Defined Parametrically 


Evaluate (a) [., vy’dz, (b) {, ry*dy, and (c) {, xy*ds, where the path of inte- 
gration C’ is the quarter circle defined by « = 4cost, y = Asint, 
O<t< 7/2. 


Solution The path C of integration is shown in color in Figure 5.4. In each 
of the three given line integrals, x is replaced by 4cost and y is replaced by 
Asin t. 


(a) Since dx = —4sint dt, we have from (6): 


m/2 
| ry da =| (4cost) (4sint)” (—4sin t dt) 
c 0 


m/2 1 m/2 
= —256 | sin® tcost dt = -256| 7 sin? ] = —64, 
0 4 0 
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(b) Since dy = 4cost dt, we have from (7): 


m/2 
i zy dy = | (4cost) (4sin t) (4 cost dt) 
Cc 0 
nm /2 
= 256 | sin’ t cos* t dt 
0 


n/2 1 
= 256 i — sin? 2t dt 
0) 4 


m/2 1 1 m/2 
= 64 f =~(1 — cos 4t) dt = 32 : —-sin u| = 16z. 
5 2 4 r 


Note in this integration we have used two trigonometric identities: sin 20 = 
2sin 6 cos @ and sin? 6 = $ (1 — cos 26). 


(c) Since ds = \/16 (sin? t + cos? t) dt = 4 dt, it follows from (8): 


m/2 
/ bites | (4cost) (4sin t)? (4 dt) 
Cc (0) 


nm /2 1 
= 256 | sin? tcost dt = 256 | sin® J =. 
6 3 3 


Method of Evaluation—C Defined by a Function Iijima 


path of integration C is the graph of an explicit function y = f(z),a <a <b, 
then we can use w as a parameter. In this situation, the differential of y is 


dy = f'(x)dx, and the differential of arc length is ds = 4/1+ [f/(a)]? de. 
After substituting, the three line integrals of Definition 5.2 become, in turn, 
the definite integrals: 


b 

[cenar= [ G (25 F(2)) de, (9) 
b 

[cend= [ eef@) loa, (10) 
Cc a 
b 

| Glenas= | G (a, f(x)) 1+ [f"(2)] de. (11) 
¢ a 


A line integral along a piecewise smooth curve C is defined as the sum of 
the integrals over the various smooth curves whose union comprises C’. For 
example, to evaluate [ oc G(x, y) ds when C is composed of two smooth curves 
C; and C2, we begin by writing 


‘ G(a,y) ds = G(a,y) ds + G(a,y) ds. (12) 
Cc Ci C2 


a (2, 8) 


«1, -1) | 


Figure 5.5 Graph of y = 2° on the 
interval -l1<a<2 


Figure 5.6 Piecewise smooth path 


of integration 
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The integrals Jf, G(x, y)ds and JQ, G(x, y)ds are then evaluated in the 
manner given in (8) or (11). 


In many applications, line integrals appear as a sum 
Jo Pla, y) dx + fo Q(a, y) dy. It is common practice to write this sum as one 
integral without parentheses as 


i P(a,y) dx + Q(x, y) dy or simply | Pdz+Qdy. (13) 
C C 
A line integral along a closed curve C is usually denoted by 


¢ Pdz+Qdy. 
C 


EXAMPLE 2. C Defined by an Explicit Function 
Evaluate f., ry dx + «dy, where C is the graph of y= «2°, -1 <a <2. 


Solution The curve C is illustrated in Figure 5.5 and is defined by the 
explicit function y = 2°. Hence we can use xz as the parameter. Using the 
differential dy = 3x?dx, we apply (9) and (10): 


2 
7 cy dx + «7dy = / x (2°) dz +x (3x7dz) 
C 


-1 


2 
4 
=, da*de = —2° 
1 5 [4 


ed 


132 


EXAMPLE 3 C is a Closed Curve 


Evaluate fonda, where C is the circle defined by « = cost, y = sint, 
O0<t< 27. 


Solution The differential of « = cost is dx = —sint dt, and so from (6), 
27 1 20 1 
peas [ cost(—sintdt)= —cos*t]/ = —-([1—1)=0. 
Cc 0 2 0 2 


a 


EXAMPLE 4 C is a Closed Curve 


Evaluate fo y’ dx — x*dy , where C is the closed curve shown in Figure 5.6. 
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y Solution Since C' is piecewise smooth, we proceed as illustrated in (12); 
Q,4) namely, the given integral is expressed as a sum of integrals. Symbolically, we 
write f, =f, o, + i a. + I c, > Where the C), C2, and C3 are the curves labeled in 
Figure 5.7. On C1, we use x as a parameter. Since y = 0, dy = 0; therefore 


2 
i yp de — aPdy = | 0 dx — x*(0) = 0. 
C1 0 


On C2, we use y as a parameter. From x = 2, dx = 0, we have 


(0,0) (2,0) 2 4 
/ yp da *dy= | y(0) ~ Ady = - | 4dy = —16. 
Figure 5.7 C' consists of the union C2 0 0 


of Cy, Co, and C3. j 
On C3, we again use x as a parameter. From y = 2” 


sO 


, we get dy = 2a dx and 


=f on*) dx = (20° la 
ae oe a Lo Ee ge 


8 2 
Hence, f yede — dy = +f +f =0+4(-16)+ += : 
Cc Cy C2 SCs 5 5 


OleCcuitin@eimem-M@iiaxem In definite integration we normally assume 


that the interval of integration is a < a < b and the symbol ibs f (a) da indi- 
cates that we are integrating in the positive direction on the z-axis. Integra- 
tion in the opposite direction, from xz = b to x = a, results in the negative of 
the original integral: 


| ” AE dare i. ” (x) de. (14) 


Line integrals possess a property similar to (14), but first we have to introduce 
the notion of orientation of the path C. If C is not a closed curve, then we 
say the positive direction on C, or that C has positive orientation, if we 
traverse C from its initial point A to its terminal point B. In other words, 
ifa = a(t), y = y(t), a < t < b are parametric equations for C, then the 
positive direction on C’ corresponds to increasing values of the parameter t. 
If C is traversed in the sense opposite to that of the positive orientation, then 
A A C is said to have negative orientation. If C has an orientation (positive or 
negative), then the opposite curve, the curve with the opposite orientation, 
Figure 5.8 Curve C and its opposite -C wil] be denoted by the symbol —C. In Figure 5.8 if we assume that A and 
B are the initial and terminal points of the curve C’, respectively, then the 
arrows on curve C indicate that we are traversing the curve from its initial 
point to its terminal point, and so C' has positive orientation. The curve to 
the right of C' that is labeled —C then has negative orientation. Finally, if —C 


B B 


Note & 
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denotes the curve having the opposite orientation of C, then the analogue of 
(14) for line integrals is 


/ Pdr+Qay=—[ Pdz+Qdy, (15) 
=¢ c 
or, equivalently 
/ Pir+Qdy+ f Pde +Qdy =O. (16) 
-C Cc 
For example, in part (a) of Example 1 we saw that {.,«y? dx = —64; we 


conclude from (15) that f_, ry? dx = 64. 

It is important to be aware that a line integral is independent of the 
parametrization of the curve C’, provided C' is given the same orientation 
by all sets of parametric equations defining the curve. See Problem 33 in 
Exercises 5.1. 


DODO DS Answers to selected odd-numbered problems begin on page ANS-165. 


In Problems 1-10, evaluate the definite integral. If necessary, review the techniques 
of integration in your calculus text. 


3 ) 3 
1; i u(x — 1)(a + 2) dx 2. Le aa vac+ f udu 
=] 1 2 


1 
3. | sin 27a dx 4. sec” 2x dx 
1/2 0 
4 In3 
5. | = 6. | edz 
9 2c+1 In2 
4 
| xe *!/? dx 8. ri Ina dx 
2 1 


4 4 _ 
9. | = 10. / ds 
9 22—-6x2+4+5 2 (+3) 
In Problems 11-14, evaluate the line integrals [., G(x, y)dx, [,G(#, y) dy, and 


feet x, y) ds on the indicated curve C. 


11. G(a, y) = 2ry; x = 5cost, y=5sint, 0<t<7/4 


13. G(a, y) = 327 + 6y’?; y= 2e4+1,-1<2<0 


(x, y) 

12. G(a, y) = 2? + Qxy? + Qe; e = 2t, y=t?, O<t<1 
(x, y) = 

14. G(a, y) 


G(a, y = x?/y°; Qy = 3x9/?7,1<t<8 
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In Problems 15-18, evaluate J, (2a + y) da + xy dy on the given curve from (—1, 2) 


to (2, 5). 
15. y=24+3 16. y=2°4+1 
17. 18. y 
y (2, 5) 
[| @5) 
(-1, 2) 7 
(2, 2) 
. C19] 2,0) 
Figure 5.9 Figure for Problem 17 Figure 5.10 Figure for Problem 18 


In Problems 19-22, evaluate | y dx + x dy on the given curve from (0, 0) to (1, 1). 
c 


19. 
21. 
22. 


23. 


24. 


25. 


26. 


y=" 20. y=ax 
C consists of the line segments from (0, 0) to (0, 1) and from (0, 1) to (1, 1). 
C consists of the line segments from (0, 0) to (1, 0) and from (1, 0) to (1, 1). 


Evaluate (6x7 + 2y”) dx + 4xydy, where C is given by « = Vt, y = t, 
C 
4<t<9. 


Evaluate 7 -y? dx + xy dy, where C is given by = 2t, y= 0°, 0<t <2. 
c 

Evaluate i 2x y dx + (3x2 + y) dy, where C is given by x = y? from (1, —1) 
c 

to (1, 1). 


Evaluate | da dx + 2ydy, where C is given by x = y? +1 from (0, —1) 
to (9, 2). 


In Problems 27 and 28, evaluate $ (x? + y) dx — 2xy dy on the given closed curve. 


27. 


C 
28. 
(1,1) 


Figure 5.11 Figure for Problem 27 Figure 5.12 Figure for Problem 28 
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In Problems 29 and 30, evaluate $0 z’y? da — xy? dy on the given closed curve. 


29. 


31. 
32. 


33. 


34. 


35. 


36. 


30.) 
y 
(1, 1) (1,1) a 
x 
(-1,-1) (1, -1) x 
Figure 5.13 Figure for Problem 29 Figure 5.14 Figure for Problem 30 


Evaluate $0 (a = y) ds, where C is given by x = 5cost, y = 5sint,0 <t < 27. 
Evaluate = y dx —x dy, where C is given by x = 2cost, y= 3sint, O<t<rT. 


Verify that the line integral f, - y’ dx + xy dy has the same value on C’ for each 
of the following parametrizations: 

C:x2=2t4+1, y=4t4+2,0<t<1 

C:a=t, y=2t?,1<t< v3 

C:x2=Int, y=2I1nt, e<t<e’. 
Consider the three curves between (0, 0) and (2, 4): 

Cia=t, y=2t,0<t<2 


C:r=t, y=’, 0<t<2 
C:%=2t—-4, y=4t-—8, 2<t<3. 


Show that Se, xy ds = tes xy ds, but te, tyds # J. cyds. Explain. 


If p(x, y) is the density of a wire (mass per unit length), then the mass of 
the wire is m = [.,p(a, y)ds. Find the mass of a wire having the shape of 
a semicircle x = 1+ cost, y = sint, 0 < t < 7, if the density at a point P is 
directly proportional to the distance from the y-axis. 


The coordinates of the center of mass of a wire with variable density are given 
by = M,/m, 9 = Mz/m where 


m= | p(x,y) ds, M, = f yp(x, y) ds, M, = [ xp(x,y) ds. 
Cc Cc Cc 


Find the center of mass of the wire in Problem 35. 


5.2 Complex Integrals 


In the preceding section we reviewed two types of real integrals. We saw that the definition 
of the definite integral starts with a real function y = f(a) that is defined on an interval on 
the a-axis. Because a planar curve is the two-dimensional analogue of an interval, we then 
generalized the definition of ie f(a) dx to integrals of real functions of two variables defined 
on a curve C’ in the Cartesian plane. We shall see in this section that a complex integral is 
defined in a manner that is quite similar to that of a line integral in the Cartesian plane. 

Since curves play a big part in the definition of a complex integral, we begin with a 
brief review of how curves are represented in the complex plane. 


y 
Cc 


ps 


z(t) 


z(a) z(b) B 


Figure 5.15 z(t) = x(t) + iy(t) as a 


position vector 


y Tangent 


P 
z(t) 
a 
x 


Figure 5.16 z/(t) = 2’(t) + iy’(t) asa 


tangent vector 


S 
z(b) 
z(a) 


Figure 5.17 Curve C' is not smooth 


since it has a cusp. 


a '?) 


(a) Positive direction 


S 


(b) Positive direction 


Figure 5.18 Interior of each curve is to 
the left. 
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(@ittavecmeavcx@ciiacem Suppose the continuous real-valued functions 
i ——— 


x(t), y = y(t), a < t < b, are parametric equations of a curve C’ in 
the complex plane. If we use these equations as the real and imaginary parts 
in z= x+y, we saw in Section 2.2 that we can describe the points z on C' by 
means of a complex-valued function of a real variable t called a parametriza- 
tion of C: 


2(t) = a(t) +iy(t), a<t<b. (1) 


For example, the parametric equations x = cost, y = sint, 0 < t < 2z, 
describe a unit circle centered at the origin. A parametrization of this circle 
is z(t) = cost + isint, or z(t) = e”,0 < t < 27. See (6)—-(10) in Section 2.2. 

The point z(a) = x(a) + iy(a) or A = (a(a), y(a)) is called the initial 
point of C and z(b) = x(b) +iy(b) or B = (x(b), y(0)) is its terminal point. 
We also saw in Section 2.7 that z(t) = x(t) + ty(t) could also be interpreted 
as a two-dimensional vector function. Consequently, z(a) and z(b) can be 
interpreted as position vectors. As t varies from t = a to t = b we can 
envision the curve C' being traced out by the moving arrowhead of z(t). See 
Figure 5.15. 


The notions of curves in the complex plane that are smooth, 
piecewise smooth, simple, closed, and simple closed are easily formulated in 
terms of the vector function (1). Suppose the derivative of (1) is z/(t) = 
x'(t) + iy'(t). We say a curve C in the complex plane is smooth if 2’(t) 
is continuous and never zero in the interval a < t < b. As shown Figure 
5.16, since the vector z’(t) is not zero at any point P on C, the vector z’(t) is 
tangent to C at P. In other words, a smooth curve has a continuously turning 
tangent; put yet another way, a smooth curve can have no sharp corners or 
cusps. See Figure 5.17. A piecewise smooth curve C has a continuously 
turning tangent, except possibly at the points where the component smooth 
curves C1, Co,..., Cp are joined together. A curve C in the complex plane 
is said to be a simple if z(t1) 4 z(t2) for t1 # te, except possibly for t = a 
and t = b. C is a closed curve if z(a) = z(b). C is a simple closed curve 
if z(t) # z(tg) for t; A tz and z(a) = z(b). In complex analysis, a piecewise 
smooth curve C is called a contour or path. 

Just as we did in the preceding section, we define the positive direction 
on a contour C' to be the direction on the curve corresponding to increasing 
values of the parameter t. It is also said that the curve C has positive 
orientation. In the case of a simple closed curve C, the positive direction 
roughly corresponds to the counterclockwise direction or the direction that 
a person must walk on C in order to keep the interior of C’ to the left. For 
example, the circle z(t) = e”, 0 < t < 27, has positive orientation. See Figure 
5.18. The negative direction on a contour C’ is the direction opposite the 
positive direction. If C has an orientation, the opposite curve, that is, a 
curve with opposite orientation, is denoted by —C’. On a simple closed curve, 
the negative direction corresponds to the clockwise direction. 


(@eyeye(coassiaecaem An integral of a function f of a complex variable z 


that is defined on a contour C is denoted by [., f(z) dz and is called a complex 


Figure 5.19 Partition of curve C' into 
n subarcs is induced by a partition P 


of the parameter interval [a, 6]. 
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integral. The following list of assumptions is a prelude to the definition of a 
complex integral. For the sake of comparison, you are encouraged to review 
the lists given prior to Definitions 5.1 and 5.2. Also, look over Figure 5.19 as 
you read this new list. 


Steps Leading to the Definition of the 
Complex Integral 


1. Let f be a function of a complex variable z defined at all points on a 
smooth curve C' that lies in some region of the complex plane. Let C 
be defined by the parametrization z(t) = a(t) +ty(t),a<t<b. 


2. Let P be a partition of the parameter interval |a, b] into n subintervals 
[te-1, te] of length At, = ty — ty_1: 


=i Ki <i K 149 <i <i HD 


The partition P induces a partition of the curve C into n subarcs 
whose initial and terminal points are the pairs of numbers 


zo = x(to) + ty(to), zy = x(t1) + iy(ti), 
zy = x(t1) + iy(tr), 22 = x(t2) + iy(ta), 
a — 46(Gp— il) ar Hiei. zn = alte) aa Vy ta) 
[bet INGy = By = Baily IB = My, ace 5 Te DES Mngmmne BL. 


3. Let ||P|| be the norm of the partition P of {a, 6], that is, the length of 
the longest subinterval. 


Choose a point 2; = x7, + iy; on each subarc of C. See Figure 5.19. 


5. Form n products f(zj)Azn, k = 1, 2,..., n, and then sum these 
products: 


3 


f(%)Azn- 


Definition 5.3. Complex Integral 


The complex integral of f on C is 
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General assumptions throughout this pep 
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If the limit in (2) exists, then f is said to be integrable on C. The 
limit exists whenever if f is continuous at all points on C' and C is either 
smooth or piecewise smooth. Consequently we shall, hereafter, assume these 
conditions as a matter of course. Moreover, we will use the notation ¢,, f(z) dz 
to represent a complex integral around a positively oriented closed curve C. 
When it is important to distinguish the direction of integration around a 
closed curve, we will employ the notations 


pie) dz and p f(2) dz 


to denote integration in the positive and negative directions, respectively. 

The point having been made that the definitions of real integrals discussed 
in Section 5.1 and Definition 5.3 are formally the same, we shall from now on 
refer to a complex integral f,, f(z) dz by its more common name, contour 
integral. 


Complex-Valued Function of a Real Variable 9sgisveeaens 


ing to the properties of contour integrals and the all-important question of 
how to evaluate a contour integral, we need to digress briefly to enlarge upon 
the concept of a complex-valued function of a real variable introduced 
in the Remarks in Section 2.1. As already mentioned, a parametrization of 
a curve C’ of the form given in (1) is a case in point. Let’s consider another 
simple example. If t represents a real variable, then the output of the function 
f(t) = (2t+ i)” is a complex number. For t = 2, 


f(2) =(4+ 1)? =16 + 814 7 = 154 8i. 


In general, if f; and fo are real-valued functions of a real variable ¢ (that is, 
real functions), then f(t) = fi(t) + 7f2(¢) is a complex-valued function of a 
real variable t. What we are really interested in at the moment is the defi- 
nite integral i f(t) dt, in other words, integration of complex-valued function 
f(t) = fi(t) + ifo(t) of real variable ¢ carried out over a real interval. Con- 
tinuing with the specific function f(t) = (2t + i)” it seems logical to write on, 
say, the interval 0 <t <1, 


1 1 1 1 
[ errarat= | (4 —144ti) at = f (4 — ajdt + if Atdt. (3) 
0 (0) 0 0 


The integrals de (4t? — 1)dt and i. 4t dt in (3) are real, and so one would be 


inclined to call them the real and imaginary parts of i (2t+ i)*dt. Each 
of these real integrals can be evaluated using the fundamental theorem of 
calculus ((1) of Section 5.1): 


| (4t? —1)dt = G - t) 
0 3 ‘ 


Thus (3) becomes i. (2t + i)*dt = 3 + 2. 
Since the preceding integration seems very ordinary and routine, we give 
the following generalization. If f; and fo are real-valued functions of a real 


1 I 1 
=—- and : Atdt = 207 =2. 
3 0 0 


These properties are important in p@>P 
the evaluation of contour integrals. 
They will often be used without men- 
tion. 
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variable t continuous on a common interval a < t < 6b, then we define the 
integral of the complex-valued function f(t) = fi(t) +ifo(t) on a<t< bin 
terms of the definite integrals of the real and imaginary parts of f: 


[50 dt -[ fi(t)dt + if fo(t) dt. (4) 


The continuity of f; and f2 on fa, b] guarantees that both i. fi(t) dt and 
e fo(t) dt exist. 

All of the following familiar properties of integrals can be proved directly 
from the definition given in (4). If f(t) = fi(t)+éfo(t) and g(t) = gi(t)+igo(t) 
are complex-valued functions of a real variable t continuous on an interval 
a<t<ob, then 


b b 
/ k f(t) dt = a f(t) dt, ka complex constant, (5) 


b b b 
/ (f(t) + g(t)) dt = ae f(t) dt + / a(t) dt, (6) 


In (7) we choose to assume that the real number c is in the interval [a, 6). 
We now resume our discussion of contour integrals. 


Evaluation of Contour wae To facilitate the discussion on 


how to evaluate a contour integral [, f(z) dz, let us write (2) in an abbreviated 
form. If we use u+iv for f, Ax+iAy Ae Ae, lim for ia . > for 77_, and 


then suppress all subscripts, (2) becomes 
| f(z)dz = lim S(u + iv)(Aa + iAy) 
Cc 
= lim [SouAe — vAy)+ iS “WwAz +uAy)| . 


The interpretation of the last line is 


[ f@ae= [ ude—vdy+if vde+udy, (9) 
C C Cc 

See Definition 5.2. In other words, the real and imaginary parts of a con- 
tour integral tea z)dz are a pair of real line integrals Joudax —vdy and 


Souda + udy. iow x= x(t), y= y(t),a<t < bare parametric equations 
of C, then dx = x'(t)dt, dy = y'(t) dt. By replacing the symbols x, y, dz, 
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and dy by a(t), y(t), x’(t) dt, and y’(t) dt, respectively, the right side of (9) 
becomes 


to udx—vdy 


(10) 


b 
“ly if [v(w(t), y()) @"(t) + u(a(t), y(d)) y(t] dt. 


If we use the complex-valued function (1) to describe the contour C, then 
(10) is the same as i f(z(t)) 2'(t) dt when the integrand 


f(2(t)) 24) = [u(a(é), w(t) + to(a(t), y(@))] [2”() + ty'(0)] 
is multiplied out and is f (z(t) 2’ (6) dt is expressed in terms of its real and 


imaginary parts. Thus we arrive at a practical means of evaluating a contour 
integral. 


Theorem 5.1. Evaluation of a Contour Integral 


If f is continuous on a smooth curve C' given by the parametrization 
z(t) = a(t) + iy(t),a<t <b, then 


b 
[1© a= [ f(z) 2"(t) dt. (11) 


The foregoing results in (10) and (11) bear repeating—this time in some- 
what different words. Suppose z(t) = x(t) + zy(t)and 2z’(t) = a(t) + iy’(t). 
Then the integrand f (z(t)) 2’(t) is a complex-valued function of a real vari- 
able t. Hence the integral iC f(2(t)) 2’(#) dt is evaluated in the manner defined 
in (4). 

The next example illustrates the method. 


EXAMPLE 1 Evaluating a Contour Integral 
Evaluate f{_,Zdz, where C is given by x = 3t, y=t?, -1<t<4. 
Solution From (1) a parametrization of the contour C is z(t) = 3t + it?. 


Therefore, with the identification f(z) = Z we have f(z(t)) = 3t+it? = 
3t — it?. Also, 2’(t) = 3 + 2it, and so by (11) the integral is 


4 4 
/ zdz= / (3t — it”)(3 + 2it) dt = / [2t? + 9¢ + 374] dt. 
Cc 


—1 —1 
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Now in view of (4), the last integral is the same as 


4 4 
pref (2 + 98) de-+ if 3t? dt 
Cc -1 -1 
4 4 
1 4 9 2 re ° 
= ob a! +73} = 195+ 652. 


-1 -1 


| EXAMPLE 2. Evaluating a Contour Integral 


1 
Evaluate ¢ — dz, where C is the circle x = cost, y= sint, 0 <t < 27. 
(oma 


Solution In this case z(t) = cost +isint = e”, 2’(t) = ie”, and f(z(t)) = 


ot) 


=e". Hence, 


1 Qn ; , 27 
idz= | (e~**) ie” dt =3 dt = 27i. 
c% 0 0 


ee) 


As discussed in Section 5.1, for some curves the real variable x itself 
can be used as the parameter. For example, to evaluate i (8a? — iy) dz 
on the line segment y = 52, 0 < a < 2, we write z = «+ 5ai, dz = 
(1+ 5é)de, f, (8a? —iy)dz = fe (8x? — 5ix)(1 + 52) dx, and then integrate 
in the usual manner: 


i (8x? — iy) dz = (1+ si [ (8x? — dix) dx 
es 0 


2 5 


— (14+ di) 52 


* 214 290. 
_ 2 3 


= (1+ 52) Ea 
3 Jo 
In general, if « and y are related by means of a continuous real func- 
tion y = f(x), then the corresponding curve C' in the complex plane can be 
parametrized by z(x) = « +7f(x). Equivalently, we can let 2 = t so that 
a set of parametric equations for C is « = t, y = f(t). 


The following properties of contour integrals are analogous 
to the properties of real line integrals as well as the properties listed in (5)—(8). 


Theorem 5.2 Properties of Contour Integrals 


Suppose the functions f and g are continuous in a domain D, and C is a 
smooth curve lying entirely in D. Then 


(i) [okf(2)dz=kJ, f(z) dz, k a complex constant. 


(Theorem continues on page 252) 


Figure 5.20 Contour C is piecewise 


smooth. 
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(i) felt z)) dz = [go f(z) dz+ fog(z) 
(iii) fo flz)dz = ae z)dz + Jo, f(z)dz, where C consists of the 


smooth curves C; and C3 joined end to end. 


(iv) J ofl2)dz = —Jo f(z) dz, where —C denotes the curve having the 
opposite orientation Hf ‘ 


The four parts of Theorem 5.2 also hold if C is a piecewise smooth curve 
in D. 


EXAMPLE 3 CIs a Piecewise Smooth Curve 
Evaluate f., (x? + iy”) dz, where C is the contour shown in Figure 5.20. 


Solution In view of Theorem 5.2(7i) we write 


} (x? + iy?) dz -/ (x? + iy?) dz +f (x? + iy?) dz. 
Cc Ci C2 
Since the curve C; is defined by y = x, it makes sense to use x as a parameter. 


Therefore, z(x) =a+ia, 2/(z)=1+i, f(z) = 2? +iy?, f(z(a)) = 2? +iz?, 
and 


(1+i)a? 
l-~—“~—, 
| (0 + iy?)de = f (e+e +2) de 
Ci 0 


=a+e | ada = aa = i. (12) 


The curve C is defined by x = 1,1 < y < 2. If we use y as a parameter, then 
z(y) =1+ity, 2’(y) =%, f(z(y)) =1+ ty’, and 


2 2 2 
7 
/ (a? + iy?) de = f (1+ iy?)idy = — f y? dy +i dy=— 3 +4. (13) 
C2 1 1 1 


Combining (10) and (13) gives f., (x? + iy®) dz = 31+ (-4 +1) =—-4 + 33. 


There are times in the application of complex integration that it is use- 
ful to find an upper bound for the modulus or absolute value of a contour 
integral. In the next we we use the fact that the length of a plane 


curve is L = ri 4/ |x’ "(t)|2 dt. But if z(t) = 2’(t) + iy’(t), then 
|z'(t)| = /[2’(®/? + [y’ : : consequently, [ = i | 2/(t) | de. 


Theorem 5.3. A Bounding Theorem 


If f is wave on a smooth curve C and if |f(z)| < M for all z on C, 
then Lhe z) dz| < ML, where L is the length of C. 
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Proof It follows from the form of the triangle inequality given in (11) of 
Section 1.2 that 


Yo Fz Az] SST F (HR) Axel S MDF Azel. (14) 


k=1 k=1 


> 
Il 
un 


Because |Az,| = (Ac)? + (Ay,)?, we can interpret |Az;| as the length 
of the chord joining the points z, and z,_; on C. Moreover, since the sum 
of the lengths of the chords cannot be greater than the length DL of C, the 
inequality (14) continues as |S>;_, f(zZ)Aze| < ML. Finally, the continuity 
of f guarantees that ie f(z) dz exists, and so if we let ||P|| — 0, the last 
inequality yields | f., f(z) dz| < ML. BSN 


Theorem 5.3 is used often in the theory of complex integration and is 
sometimes referred to as the MLI-inequality. It follows from the discussion 
on page 124 of Section 2.6 that since f is continuous on the contour C, the 
bound M for the values f(z) in Theorem 5.3 will always exist. 


EXAMPLE 4 A Bound for a Contour Integral 


e* 


dz where C is the 


Find an upper bound for the absolute value of ¢ i 
Cc z 
circle |z| = 4. 


Solution First, the length L (circumference) of the circle of radius 4 is 87. 
Next, from the inequality (7) of Section 1.2, it follows for all points z on the 
circle that |z +1] > |z| -1=4-—1=3. Thus 


z z z 
|. lel _ lel fe 
z+1 |z] -—1 3 
In addition, |e*| = |e”(cosy + isin y)| = e®. For points on the circle |z| = 4, 


the maximum that 7 = Re(z) can be is 4, and so (15) yields 


oe 
zt+1 


4 


a 
zs 


|< 
From the ML-inequality (Theorem 5.3) we have 


¢ e* 87 et 
dz|< , 
cztl 3 


ee 
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There is no unique parametrization for a contour C. You should verify 
that 

2(t) =e" = cost +isint, 0< 4 < 27 

2(t) = e?"* = cos2nt +isin2at, O<¢t<1 


3 is t 
a(t) = e™#/? — cos = + isin, O<t<a 


are all parametrizations, oriented in the positive direction, for the unit 
circle |z| = 1. 


DGD MOUS IS P24 Answers to selected odd-numbered problems begin on page ANS-16. 


In Problems 1-16, evaluate the given integral along the indicated contour. 


1. | @+8)ds, where Cis e= 24, y=4t-1, 15453 
o 


2. [22 -2)de, where C is 2 =-t, y= 42,0<¢52 
o 


3. | z* dz, where C is z(t) = 3t+ 2it, -2<t<2 
c 
4. | (327 — 2z) dz, where C is z(t) =t+it?,0<t<1 
c 
z+1 d : : : : 
5. dz, where C is the right half of the circle |z| = 1 from z = —i to z =% 
Cc z 
6. | |z\? dz, where C isx =t?, y=1/t,1<t<2 
c 


7. $ Re(z) dz, where C is the circle |z| = 1 
c 


8. J ee dz, where C is the circle |z + i] =1,0<t< 27 
co \(zt+i)® zt+i 


© 


: | (a” + iy®) dz, where C is the straight line from z = 1 to z =i 
o 


10. : (a” — iy®) dz, where C is the lower half of the circle |z| = 1 from z = —1 
c 


toz=1 


11. ) e* dz, where C is the polygonal path consisting of the line segments from 


a] 
z=0toz=2 and from z=2toz=1+ 71 


12. | sin z dz, where C is the polygonal path consisting of the line segments from 


ra] 
z=O0Otoz=1andfromz=l1toz=1+i 


13. | Im (z—7) dz, where C is the polygonal path consisting of the circular arc 


along |z| = 1 from z = 1 to z =i and the line segment from z =i to z= —1 


1+i 


Figure 5.21 Figure for Problems 17-20 
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14. | dz, where C’ is the left half of the ellipse aa + +y° = 1 from z = 2 
C 


to z= —2i 


15. $ ze’ dz, where C is the square with vertices z = 0, z =1, z =1+i, and z =1 
C 


2, «£<0 5 
16. | f(z) dz, where f(z) = and C is the parabola y = x* from 
Cc 6x, x >0 


z=-lt+itoz=1+i 


In Problems 17-20, evaluate the given integral along the contour C’ given in 
Figure 5.21. 


17; fede 18.  (Qe-1)dz 
Cc Cc 


19. fp 2az 20. fp Baz 
(ei Cc 


In Problems 21—24, evaluate is (22 — z + 2) dz from i to 1 along the contour C given 
in the figures. 


21. y 22. y 
i 1+i 
i 
x x 
1 1 
Figure 5.22 Figure for Problem 21 Figure 5.23 Figure for Problem 22 
23. 24. y 
y 
i 
i 
y=1-x7 
x x 
1 
Figure 5.24 Figure for Problem 23 Figure 5.25 Figure for Problem 24 


In Problems 25-28, find an upper bound for the absolute value of the given integral 
along the indicated contour. 


25. $ a dz, where C is the circle |z| = 5 
co zt 


26. 7 2 : ai dz, where C is the right half of the circle |z| = 6 from z = —6i 
oe 


to z= 62 
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27. | (2? + 4) dz, where C is the line segment from z = 0 to z=1+i4 
o 


1 
28. | 3 dz, where C is one-quarter of the circle |z| = 4 from z = 4i to z = 4 
ce 


[Focus on Concepts| on Concepts 


29. (a) Use Definition 5.3 to show for any smooth curve C between zo and zn that 
Le dz = 2n — 20- 


(b) Use the result in part (a) to verify your answer to Problem 14. 
(c) What is ¢,dz when C is a simple closed curve? 


30. Use Definition 5.3 to show for any smooth curve C' between zo and z, that 


fozdz = (zn — 26). [Hint: The integral exists. So choose zj = zp and 


Zh = Zr-1.] 

31. Use the results of Problems 29 and 30 to evaluate f/, (6z + 4) dz where C is: 
(a) The straight line from 1+ 7% to 2+ 3i. 
(b) The closed contour x«* + y* = 4. 


32. Find an upper bound for the absolute value of the integral | 7 dz, where 
C 


22 
the contour C’ is the line segment from z = 3 to z = 3+7%. Use the fact that 
|z? + 1| = |z—1||z+7| where |z—7| and |z+72| represent, respectively, the 
distances from i and —7 to points z on C. 


33. Find an upper bound for the absolute value of the integral folate + 3) dz, 
where the contour C is the line segment from z = 3i to z = 4+ 3i. 


5.3. Cauchy-Goursat Theorem 


In this section we shall concentrate on contour integrals, where the contour C’ is a simple 
closed curve with a positive (counterclockwise) orientation. Specifically, we shall see that 
when f is analytic in a special kind of domain D, the value of the contour integral bo ieee 
is the same for any simple closed curve C that lies entirely within D. This theorem, called 
the Cauchy-Goursat theorem, is one of the fundamental results in complex analysis. 

Preliminary to discussing the Cauchy-Goursat theorem and some of its ramifications, 
we need to distinguish two kinds of domains in the complex plain: simply connected and 
multiply connected. 


Simply and Multiply Connected Domains JzeBizonmeres 
tion 1.5 that a domain is an open connected set in the complex plane. We say 
that a domain D is simply connected if every simple closed contour C lying 
entirely in D can be shrunk to a point without leaving D. See Figure 5.26. 
In other words, if we draw any simple closed contour C' so that it lies entirely 
within a simply connected domain, then C encloses only points of the domain 


ame, 


Figure 5.26 Simply connected 


domain D 


Figure 5.27 Multiply connected 


domain D 


Green’s theorem expresses a real 
line integral as a double integral 


LI 
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D. Expressed yet another way, a simply connected domain has no “holes” in 
it. The entire complex plane is an example of a simply connected domain; 
the annulus defined by 1 < |z| < 2 is not simply connected. (Why?) A do- 
main that is not simply connected is called a multiply connected domain; 
that is, a multiply connected domain has “holes” in it. Note in Figure 5.27 
that if the curve C2 enclosing the “hole” were shrunk to a point, the curve 
would have to leave D eventually. We call a domain with one “hole” doubly 
connected, a domain with two “holes” triply connected, and so on. The 
open disk defined by |z| < 2 is a simply connected domain; the open circular 
annulus defined by 1 < |z| < 2 is a doubly connected domain. 


OF Mile shame Malceyucieame §=In 1825 the French mathematician Louis-Augustin 


Cauchy proved one the most important theorems in complex analysis. 


Cauchy’s Theorem 


Suppose that a function f is analytic in a simply connected domain 
D and that f' is ees in D. Then for every simple closed (1) 
contour C in D, $, f(z) dz =0. 


Cauchy’s Proof of (1) The proof of this theorem is an immediate conse- 
quence of Green’s theorem in the plane and the Cauchy-Riemann equations. 
Recall from calculus that if C is a positively oriented, piecewise smooth, sim- 
ple closed curve forming the boundary of a region R within D, and if the 
real-valued functions P(x, y) and Q(z, y) along with their first-order partial 
derivatives are continuous on a domain that contains C' and R, then 


f Pac+auy=ff (2-5) dA. (2) 


Now in the statement (1) we have assumed that f’ is continuous throughout 
the domain D. As a consequence, the real and imaginary parts of f(z) = u-+iv 
and their first partial rape are continuous throughout D. By (9) of 
Section 5.2 we write fof z) dz in terms of real line integrals and apply Green’s 
theorem (2) to each line ee 


pre) ie fue isatid) ay+ip ingest ana 


= ff -e- 5) Oth ea) 


Because f is analytic in D, the real functions u and v satisfy the Cauchy- 
Riemann equations, 0u/Ox = Ov/Oy and Ou/Oy = —Ov/Ox, at every point in 
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D. Using the Cauchy-Riemann equations to replace 0u/Oy and Ou/Ox in (3) 
shows that 


fra ff (2-8) aiff (8) 
= [fo aa+iff (o dA=0. 


This completes the proof. Q 


In 1883 the French mathematician Edouard Goursat proved that the 
assumption of continuity of f’ is not necessary to reach the conclusion of 
Cauchy’s theorem. The resulting modified version of Cauchy’s theorem is 
known today as the Cauchy-Goursat theorem. As one might expect, with 
fewer hypotheses, the proof of this version of Cauchy’s theorem is more com- 
plicated than the one just presented. A form of the proof devised by Goursat 
is outlined in Appendix II. 


Theorem 5.4 Cauchy-Goursat Theorem 


Suppose that a function f is analytic in a simply one domain D. 
Then for every simple closed contour C in D, $, f(z) dz =0. 


Since the interior of a simple closed contour is a simply connected domain, 
the Cauchy-Goursat theorem can be stated in the slightly more practical man- 
ner: 


If f is See at all points within and on a simple closed contour C, 
then $, f(z) dz=0. (4) 


| EXAMPLE 1 Applying the Cauchy-Goursat Theorem 


Cc Evaluate bo e* dz, where the contour C’ is shown in Figure 5.28. 


Solution The function f(z) = e* is entire and consequently is analytic at all 
points within and on the simple closed contour C. It follows from the form of 


the Cauchy-Goursat theorem given in (4) that $.,e* dz = 0. 


Figure 5.28 Contour for Example 1 


The point of Example 1 is that fo e* dz = 0 for any simple closed contour 
in the complex plane. Indeed, it follows that for any simple closed contour 
C and any entire function f, such as f(z) = sinz, f(z) = cosz, and p(z) = 
AnZ” + An—12" + +++ +a1z+a4 9, n=0,1,2,... ,that 


f sinzdz =0, f cosede =0, ¢ wle)de=0. 
C G C 


and so on. 


(a) 


(b) 


Figure 5.29 Doubly connected 


domain D 


24+ 4i Ai 


243i 


Figure 5.30 We use the simpler 


contour Cy in Example 3. 
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EXAMPLE 2. Applying the Cauchy-Goursat Theorem 


d 
Evaluate ¢ = where the contour C is the ellipse (x — 2)? + $(y— 5)? =1. 
Cc 


Solution The rational function f(z) = 1/2? is analytic everywhere except 
at z = 0. But z = 0 is not a point interior to or on the simple closed elliptical 


contour C’. Thus, from (4) we have that ¢ = =: 
cz 


Cauchy-Goursat Theorem for Multiply Connected 
IDYeyneteteery If f is analytic in a multiply connected domain D then we 
cannot conclude that $, f(z) dz = 0 for every simple closed contour C in D. 
To begin, suppose that D is a doubly connected domain and C' and C; are 
simple closed contours such that C, surrounds the “hole” in the domain and 
is interior to C. See Figure 5.29(a). Suppose, also, that f is analytic on each 
contour and at each point interior to C but exterior to C,. By introducing 
the crosscut AB shown in Figure 5.29(b), the region bounded between the 
curves is now simply connected. From (iv) of Theorem 5.2, the integral from 
A to B has the opposite value of the integral from B to A, and so from (4) 
we have 


—-AB 


Pi e)de+ f f(e) ae+ / fe) det f(z) de=0 
C AB Ch 


or 


Pf (2) de= PF (2) ae (5) 
C C1 


The last result is sometimes called the principle of deformation of con- 
tours since we can think of the contour C; as a continuous deformation of 
the contour C’. Under this deformation of contours, the value of the integral 
does not change. In other words, (5) allows us to evaluate an integral over a 
complicated simple closed contour C' by replacing C with a contour C; that 
is more convenient. 


EXAMPLE 3 Applying Deformation of Contours 


Evaluate ¢ ae -, where C’ is the contour shown in black in Figure 5.30. 
C Z=t 


Solution In view of (5), we choose the more convenient circular contour Ci 
drawn in color in the figure. By taking the radius of the circle to be r = 1, 
we are guaranteed that Cj lies within C. In other words, C, is the circle 
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(z — 20) is a polynomial. 
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|z — a| = 1, which from (10) of Section 2.2 can be parametrized by z = i+ ett, 
0<t<2n. From z—i=e" and dz = ie’dt we obtain 


dz dz oo gait at 
ff Ho Pita dem et 
cz-t a, *%—4 0 e* 0 


nT; 


The result obtained in Example 3 can be generalized. Using the principle 
of deformation of contours (5) and proceeding as in the example, it can be 
shown that if zo is any constant complex number interior to any simple closed 
contour C, then for n an integer we have 


$ dz _ jam n=l : 
e-m" |e eid. ” 


The fact that the integral in (6) is zero when n # 1 follows only partially 
from the Cauchy-Goursat theorem. When n is zero or a negative integer, 
1/(z— 20)” is a polynomial and therefore entire. Theorem 5.4 and the dis- 
cussion following Example 1 then indicates that ¢,dz/(z— 2%)" = 0. It is 
left as an exercise to show that the integral is still zero when n is a positive 
integer different from 1. See Problem 24 in Exercises 5.3. 

Analyticity of the function f at all points within and on a simple closed 
contour C is sufficient to guarantee that ¢., f(z) dz = 0. However, the result 
in (6) emphasizes that analyticity is not necessary; in other words, it can 
happen that $0 f(z) dz = 0 without f being analytic within C. For instance, 
if C in Example 2 is the circle |z| = 1, then (6), with the identifications n = 2 


d 
and zy = 0, immediately gives ¢ ua = 0. Note that f(z) = 1/2? is not 
Cz 
analytic at z = 0 within C. 


EXAMPLE 4 Applying Formula (6) 


5z+7 
Evaluate ¢ ae where C is circle |z — 2| = 2. 
ow +2z2-3 


Solution Since the denominator factors as z? + 2z — 3 = (z— 1)(z +3) the 
integrand fails to be analytic at z = 1 and z = —3. Of these two points, only 
z = 1 lies within the contour C,, which is a circle centered at z = 2 of radius 
r = 2. Now by partial fractions 


bze+7 3 | 2 
2427-3 z-1 243 
at ll 
and so bareaense dz+4 24 dz. (7) 
cw +2z2—-3 cz-1 czts3 


In view of the result given in (6), the first integral in (7) has the value 277, 
whereas the value of the second integral is 0 by the Cauchy-Goursat theorem. 
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Hence, (7) becomes 


5z+7 : : 
£ ae dz => 3(277) + 2(0) => 6772. 


Od 


If C, Ci, and C, are simple closed contours as shown in Figure 5.31(a) 
and if f is analytic on each of the three contours as well as at each point 
interior to C but exterior to both C, and Co, then by introducing crosscuts 

(a) between C; and C and between C2 and C, as illustrated in Figure 5.31(b), it 
D follows from Theorem 5.4 that 


$ £2) ied $ #2) coe $ f(2) 8 
Cc C1 C2 


(b) 


snd 0 PH) de= PI det $ fl) de (7 
Cc C1 C2 


Figure 5.31 Triply connected domain D : : 
. The next theorem summarizes the general result for a multiply connected 


domain with n “holes.” 


Theorem 5.5 Cauchy-Goursat Theorem for Multiply 
Connnected Domains 


Suppose C, C1, ..., Cy are simple closed curves with a positive orientation 
such that C1, Co, ..., Cy, are interior to C' but the regions interior to each 
Cy, k= 1,2,..., n, have no points in common. If f is analytic on each 
contour and at each point interior to C' but exterior to all the Cy, k = 1, 2, 
..., 7, then 


feldz= Sf fe) (8) 


EXAMPLE 5 Applying Theorem 5.5 


d 
Evaluate ¢ . , where C is the circle |z| = 4. 
C z + 1 


Solution In this case the denominator of the integrand factors as z2 +1 = 
(z —i)(z+i%). Consequently, the integrand 1/(z7 +1) is not analytic at z =i 
and at z = —7. Both of these points lie within the contour C. Using partial 
fraction decomposition once more, we have 


1 11 141 
ze+1l Qiz-i Qizti 
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Figure 5.32 Contour for Example 5 


Figure 5.33 Contour C is closed but 


not simple. 
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anal ¢sa-af a tl Be 
cottl wo lze-t z+% 


We now surround the points z = 7 and z = —7 by circular contours C, and 
C2, respectively, that lie entirely within C. Specifically, the choice |z — | = $ 
for Cy and |z + i] = $ for C2 will suffice. See Figure 5.32. From Theorem 5.5 
we can write 


dz 1 1 1 1 1 1 
, = : -|dz+ — ; -| dz 
cz+l Wo, lz-t zt+1 2iJo, LZ-t z+1 


1 1 1 1 ik 1 1 1 
= $ -dz 7) sz $ -dz $ -dz. (9) 
21 Jo, 2-1 2t Jo, z+1 2i Jo, 2-1 21 Jo, Z+1 


Because 1/(z+i) is analytic on C; and at each point in its interior and because 
1/(z—2) is analytic on C2 and at each point in its interior, it follows from (4) 
that the second and third integrals in (9) are zero. Moreover, it follows from 
(6), with n = 1, that 


dz ; dz : 
- = 271 and - = 2771. 
CO, 2% Co 2 +2 


Thus (9) becomes 


Throughout the foregoing discussion we assumed that C was a simple 
closed contour, in other words, C' did not intersect itself. Although we 
shall not give the proof, it can be shown that the Cauchy-Goursat theorem 
is valid for any closed contour C' in a simply connected domain D. As 
shown in Figure 5.33, the contour Cis closed but not simple. Nevertheless, 
if f is analytic in D, then ¢, f(z) dz = 0. See Problem 23 in Exercises 
5.3. 


DRG DO MS De 83 Answers to selected odd-numbered problems begin on page ANS-16. 


In Problems 1-8, show that fo f(z) dz = 0, where f is the given function and C is 
the unit circle |z| = 1. 


1. f(z) =23-143i 2. i@=P?+ 5 
i SO) = 53 4. f= ze 


N 


Figure 5.34 Figure for Problem 9 


y 


xt+y4*=16 


Figure 5.35 Figure for Problem 10 


Figure 5.36 Figure for Problem 23 
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z 


sin z e 
5. f(z)= (22 — 25)(z2 +9) 6. f(z) = 22? + M2 +15 
7. f(z) =tanz 8. f(z) = 7 


1 
9. Evaluate $ - dz, where C is the contour shown in Figure 5.34. 
Cc 


10. Evaluate $ —— _ dz, where C is the contour shown in Figure 5.35. 
co zt1+i 


In Problems 11-22, use any of the results in this section to evaluate the given integral 


12. $ (2+) dz; |z| = 2 
C z 


along the indicated closed contour(s). 


11. $ (-+) dz; |z| = 2 
c z 


z 


10 
14. ——— dz; ae 
beappe tlt 
15. {sue (a) |z| = 2, (b) |z| =2, (€) | — 34] =1 
16. fane (a) |z|=1, (b) |z —2i| =1, (c)|z] =4 
—3z4+2 
17. d — =2. (b = 
¢ wre ©) -51=2 ) =9 
18. f Bu ape il el eae, (6) peed 
, c\Zt2 2-21 . a 2 
z—-1 
19. d =i 
$ ese ene ea 


1 
20. dz; =1 
2 + 222 I 


21. f inte +10) dz; |z| =2 
Cc 


5 3 10 
22. +7 dz; |z—2| = 
$c t+ ccm a esc z| dz; |z |=35 


8 
23. Evaluate $ a dz, where C is the “figure-eight” contour shown in Figure 
C Zz 


5.36. [Hint: Express C' as the union of two closed curves Cy and C%2.] 


24. Suppose zo is any constant complex number interior to any simple closed curve 
contour C’. Show that for a positive integer n, 


$ dz Qn, w= 1 
c (2-20) | 9, n>. 


In Problems 25 and 26, evaluate the given contour integral by any means. 


25. $ ( oe 32) dz, where C is the unit circle |z| = 1 
co \z+3 
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26. 


(2 +274 Re(z)) dz, where C is the triangle with vertices z = 0, z = 142i, 
C 
and z=1 
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27. 


28. 


29. 


x 


Figure 5.37 Figure for Problem 30 


30. 


31. 


Explain why $ f(z) dz =0 for each of the following functions and C is any 


simple closed contour in the complex plane. 


(a) f(z) = (Siz* — 42? + 2 — 6i)° (b) f(z) = (2? — 3iz)e* 
(©) J) = (A) f(z) = x00" z 


Describe contours C’ for which we are guaranteed that $ f(z) dz =0 for each 
c 


of the following functions. 


@) fo== (b) f(2) =esez 


(c) f(2@)= = (d) f(z) =Lnz 


ez 


Explain why the integral in Problem 25 is the same as 


e* 3 
§(S-?) ag 


and why, in view of (6), this form makes the integral slightly easier to evaluate. 


Evaluate = e* dz from z = 0 to z = 2+ 27 on the contour C’ shown in Figure 
5.37 that consists of the line y = x and a circle tangent to the line at (1, 1). 


From Example 1 we know the value of bo e* dz for any simple closed contour C 
in the complex plane. In particular, use |z| = 1 as C and the parametrization 
z=e'®,0< 6 < 2r, to discover the values of the real integrals 


20 oa 
| e*"sin(8 +sin@)d@ and | e*"cos(0 + sin 8) dd. 
0 


0 


5.4 Independence of Path 


In Section 5.1 we saw that when a real function f possesses an elementary antiderivative, 
that is, a function F' for which F’(a#) = f(x), a definite integral can be evaluated by the 
fundamental theorem of calculus: 


b 
[ f@ac= FO) - Flo. (1) 
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Note that te f(a) dx depends only on the numbers a and 6 at the initial and terminal points 


of the interval of integration. In contrast, the value of a real line integral fe Pdx+Qdy 
generally depends on the curve C. However, there exist integrals he Pdxz+Qdy whose 
value depends only on the initial point A and terminal point B of the curve C, and not 
on C itself. In this case we say that the line integral is independent of the path. For 


example, ie y dx + x dy is independent of the path. See Problems 19-22 in Exercises 5.1. 


A line integral that is independent of the path can be evaluated in a manner similar to (1). 


It seems natural then to ask: 


Is there a complex version of the fundamental theorem of calculus? 
Can a contour integral |, f(z) dz be independent of the path? 


In this section we will see that the answer to both of these questions is yes. 


Bi 


q 


i) 


Figure 5.38 If f is analytic in D, 


integrals on C' and Cj are equal. 


eecldaMmbntelceretelsntees The definition of path independence for a 


contour integral |, f(z) dz is essentially the same as for a real line integral 
ipPdet Om: 


Definition 5.4 Independence of the Path 


Let zp and 2; be points in a domain D. A contour integral f., f(z) dz 
is said to be independent of the path if its value is the same for all 
contours C' in D with initial point zo and terminal point 21. 


At the end of the preceding section we noted that the Cauchy-Goursat 
theorem also holds for closed contours, not just simple closed contours, in a 
simply connected domain D. Now suppose, as shown in Figure 5.38, that C 
and Cj; are two contours lying entirely in a simply connected domain D and 
both with initial point zo and terminal point z;. Note that C' joined with the 
opposite curve —C forms a closed contour. Thus, if f is analytic in D, it 
follows from the Cauchy-Goursat theorem that 


[to af. f(z)dz=0. (2) 


But (2) is equivalent to 
[f@ue=f tow. (3) 
C C1 


The result in (3) is also an example of the principle of deformation of contours 
introduced in (5) of Section 5.3. We summarize the last result as a theorem. 


Theorem 5.6 Analyticity Implies Path Independence 


Suppose that a function f is analytic in a simply connected domain 


D and C is any contour in D. Then te f(z) dz is independent of the 
path C. 


266 Chapter 5 Integration in the Complex Plane 


EXAMPLE 1 Choosing a Different Path 


Evaluate f, c 2% dz, where C' is the contour shown in color in Figure 5.39. 


C, Solution Since the function f(z) = 2z is entire, we can, in view of Theorem 
5.6, replace the piecewise smooth path C by any convenient contour C joining 
=I zy = —l and z; = —1+47. Specifically, if we choose the contour C, to be the 
vertical line segment « = —1, 0 < y < 1, shown in black in Figure 5.39, then 
z=-—1+iy, dz =idy. Therefore, 


ny 1 
[ram f ede = -2f ydy —2i f dy = —1— 21. 
Figure 5.39 Contour for Example 1 Cc Ci 0 0 


a a! 


A contour integral f, co f(z) dz that is independent of the path C is usually 
written Se f(z) dz, where zp and z; are the initial and terminal points of C. 


Hence, in Example 1 we can write iG 22 dz. 
There is an easier way to evaluate the contour integral in Example 1, but 
before proceeding we need another definition. 


Definition 5.5 Antiderivative 


Suppose that a function f is continuous on a domain D. If there exists 


a function F' such that F’(z) = f(z) for each z in D, then F is called an 
antiderivative of f. 


For example, the function F(z) = —cos z is an antiderivative of f(z) = 
sinz since F’(z) = sinz. As in calculus of a real variable, the most gen- 
eral antiderivative, or indefinite integral, of a function f(z) is written 
| f(2) dz = F(z) + C, where F’(z) = f(z) and C is some complex constant. 
For example, f sin zdz = —cosz+C. 

Since an antiderivative F of a function f has a derivative at each point 

Recall, differentiability implies cs ina domain D, it is necessarily analytic and hence continuous at each point 
continuity. in D. 


We are now in a position to prove the complex analogue of (1). 
Theorem 5.7. Fundamental Theorem for Contour Integrals 
Suppose that a function f is continuous on a domain D and F is an 


antiderivative of f in D. Then for any contour C in D with initial point 
zo and terminal point 2, 


| fled F(z) — F(20). (4) 
C 


Proof We will prove (4) in the case when C is a smooth curve parametrized 
by z = 2(t),a <t <b. The initial and terminal points on C are then z(a) = zo 
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and z(b) = 2. Using (11) of Section 5.2 and the fact that F’(z) = f(z) for 
each z in D, we then have 


b b 
[to a= f fle@)z(b) a= f F"(2(t))z'(#) dt 
od 


-| ae lt) at + chain rule 


| EXAMPLE 2. Applying Theorem 5.7 


In Example 1 we saw that the integral le 2z dz, where C is shown in Figure 
5.39, is independent of the path. Now since the f(z) = 22 is an entire function, 
it is continuous. Moreover, F(z) = 2? is an antiderivative of f since F’(z) = 
2z = f(z). Hence, by (4) of Theorem 5.7 we have 


=a 


—1+i : 
/ Qedz = 27|_ 1" =( 1+4)? —(-1)? =-1- 21. 


| EXAMPLE 3 Applying Theorem 5.7 


Evaluate to cos zdz, where C' is any contour with initial point zo = 0 and 
terminal point z] = 2+7. 


Solution F(z) = sin z is an antiderivative of f(z) = cosz since F’(z) = 
cos z = f(z). Therefore, from (4) we have 


244 
| cos zdz = | coszdz = sinz|?** = sin(2 +7) —sin0 = sin(2 +4). 
0 


If we desire a complex number of the form a + 7b for an answer, we can use 
sin(2+7) * 1.4031 —0.4891i (see part (b) of Example 1 in Section 4.3). Hence, 


Q4+i 
| cos zdz = | cos z dz & 1.4031 — 0.48917. 


Cc 0 


wlejetls) @eyslellbsejer)| We can draw several immediate conclusions from 
Theorem 5.7. First, observe that if the contour C is closed, then zp = z; and, 
consequently, 


¢ f(z)dz =0. (5) 
Cc 
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Next, since the value of [, c J (2) dz depends only on the points zo and 21, this 
value is the same for any contour C' in D connecting these points. In other 
words: 


If a continuous function f has an antiderivative F in D, then (6) 


Jo F(2) dz is independent of the path. 


In addition, we have the following sufficient condition for the existence of an 
antiderivative. 


If f is continuous and J. f(z) dz is independent of the path C in a (7) 


domain D, then f has an antiderivative everywhere in D. 


The last statement is important and deserves a proof. 


Proof of (7) Assume f is continuous and f/, f(z) dz is independent of the 
path in a domain D and that F is a function defined by F(z) = i f(s) ds, 
where s denotes a complex variable, zp is a fixed point in D, and z represents 
any point in D. We wish to show that F(z) = f(z), that is, 


bonnie tin F(2)= | fls)as (8) 


z+Az 


Zo 


Figure 5.40 Contour used in proof 
of (7) 


is an antiderivative of f in D. Now, 


ztAz Zz ztAz 
ee ee / Pde / Ot / f(s)ds. (9) 


Because D is a domain, we can choose Az so that z+ Az is in D. Moreover, 
z and z+ Az can be joined by a straight segment as shown in Figure 5.40. 
This is the contour we use in the last integral in (9). With z fixed, we can 
write 


zt+tAz z+Az 2z+Az 
f(zjAz= fe) f ds =| f(z)ds or f(z)= real f(z) ds. (10) 


From (9) and the last result in (10) we have 


F(z+ Az) — F(z) 7 1 z+Az 
Az F(z) rea [f(s) — f(z)] ds. 


Now f is continuous at the point z. This means for any ¢ > 0 there exists 
ad >0 so that | f(s) — f(z)| < © whenever |s — z| < 6. Consequently, if we 
choose Az so that | Az| < 4, it follows from the ML-inequality of Section 5.2 


that 
z a) = z as 
PERF! of=|e fu) -solas 
ztAz 
=| [t= fea <|xlelad=e 


Be careful when using Ln z as an 
antiderivative of 1/z. 


Figure 5.41 Contour for Example 4 
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Hence, we have shown that 


lim F(z+Az) — F(z) 
Az—0 Az 


= f(z) or F(z) = f(z). S 


If f is an analytic function in a simply connected domain D, it is necessar- 
ily continuous throughout D. This fact, when put together with the results 
in Theorem 5.6 and (7), leads to a theorem which states that an analytic 
function possesses an analytic antiderivative. 


Theorem 5.8 Existence of an Antiderivative 


Suppose that a function f is analytic in a simply connected domain D. 


Then f has an antiderivative in D; that is, there exists a function F’ such 
that F’(z) = f(z) for all z in D. 


In (21) of Section 4.1 we saw for |z| > 0, —m < arg(z) < a, that 1/z 
is the derivative of Ln z. This means that under some circumstances Ln z 
is an antiderivative of 1/z. But care must be exercised in using this result. 
For example, suppose D is the entire complex plane without the origin. The 
function 1/z is analytic in this multiply connected domain. If C' is any simple 
closed contour containing the origin, it does not follow from (5) that ¢,dz/z = 
0. In fact, from (6) of Section 5.3 with n = 1 and the identification of zo = 0, 
we see that 


: dz = 2m. 
ome 
In this case, Ln z is not an antiderivative of 1/z in D since Ln z is not 
analytic in D. Recall, Ln z fails to be analytic on the nonpositive real axis 
which, recall, is the branch cut of the principal branch f;(z) of the logarithm. 
See page 187 in Section 4.1. 


EXAMPLE 4. Using the Logarithmic Function 


1 
Evaluate / — dz, where C is the contour shown in Figure 5.41. 
cz 


Solution Suppose that D is the simply connected domain defined by 
xz >0O, y > 0, in other words, D is the first quadrant in the z-plane. In this 
case, Ln z is an antiderivative of 1/z since both these functions are analytic 
in D. Hence by (4), 


2% 
1 é 
/ 5 dz = Ln 2s! = Ln 2i — Ln 3. 
3 


From (14) of Section 4.1, 


Ln 27 = log, 2+ i and Ln 3 = log, 3 


Chapter 5 Integration in the Complex Plane 


2% 
1 2 
log. 2—log, i log. 2 ice and so, ‘. a dz => log. 3 + si ~ 0.4055 + 1.57087. 
3 


| EXAMPLE 5 Using an Antiderivative of z~!/? 


Evaluate iS sy2 dz, where C’' is the line segment between zp = 7 and z1 = 9. 


Solution Throughout we take f\(z) = z!/? to be the principal branch of 
the square root function. In the domain |z| > 0, —7 < arg(z) < 7, the 


function f,(z) = 1/z'/? = z~1/? is analytic and possesses the antiderivative 
F(z) = 2z'/? (see (9) in Section 4.2). Hence, 
See Problem 5 in Exercise 1.4 


9 9 
[ gnte=22[ =2))- (Pa 2) | 


= (6 — V2) —iv2. 
ee: 


Comparison with Real Analysis 


(i) In the study of techniques of integration in calculus you learned that 
indefinite integrals of certain kinds of products could be evaluated 
by integration by parts: 


‘| f(a)ol(a)dx = F(@)g(a) — i g(a) f(a)de. (21) 


You undoubtedly have used (11) in the more compact form 
fudv = uv — f vdu. Formula (11) carries over to complex analysis. 
Suppose f and g are analytic in a simply connected domain D. Then 


[i@s d= feo - ford. 02) 
In addition, if z9 and z, are the initial and terminal points of a 


contour C lying entirely in D, then 


cae 


[ fed@e =e) 


7 / * (2)f'(2dz. (13) 


z0 
These results can be proved in a straightforward manner using The- 


orem 5.7 on the function ae fg. See Problems 21—24 in Exercises 
z 
5.4. 
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(i) If f is a real function continuous on the closed interval [a, bj, then 
there exists a number c in the open interval (a, b) such that 


b 
/ f(a) de = f(o)(b- a). (14) 


The result in (14) is known as the mean-value theorem for definite 
integrals. If f is a complex function analytic in a simply connected 
domain D, it is continuous at every point on a contour C in D with 
initial point zp and terminal point z;. One might expect a result 
parallel to (14) for an integral Nis f(z) dz. However, there is no such 
complex counterpart. 
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In Problems 1 and 2, evaluate the given integral, where the contour C’ is given in 
the figure, (a) by using an alternative path of integration and (b) by using Theorem 
5.7. 


1. [@-naz 2; pea 
c c 


y qd 
: 3+ 3i 
1 
x 
3+i 
jf Iz| =1 x 
0 
Figure 5.42 Figure for Problem 1 Figure 5.43 Figure for Problem 2 


In Problems 3 and 4, evaluate the given integral along the indicated contour C. 
3. | 2z dz, where C is z(t) = 24° + i(¢* — 442 +2), -1<t<1 
C 
4, | 2z dz, where C' is z(t) = 2cos® rt — isin? Tt, 0<t<2 
C 


In Problems 5-20, use Theorem 5.7 to evaluate the given integral. Write each answer 
in the form a + ib. 


34% 1 
5. | 2? dz 6. ri (327 — 4z + 5i) dz 
0 


—2i 


1+i 2% 
i ze dz 8. 7 (z? — z) dz 
1-i ~3i 
1-i 
9. / (22 +1)? dz 10. / 
~i/2 1 
i 1428, 
/ edz 12. i: ze dz 
a at 
f I 


(iz +1)? dz 


sin — dz 14. cos z dz 


—2i 
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Qri 1+(1/2)i 
15. / cosh z dz 16. | sinh 3z dz 
i P 
17. i — dz, C is the arc of the circle z = 4e", —1/2<t < 7/2 
C 


z 


1 
18. | — dz, C is the line segment between 1 +7 and 4+ 4% 
cz 


4i 
19. [. 2 dz, C is any contour not passing through the origin 


ey aa | 
20. | (3 + =) dz, C is any contour in the right half-plane Re(z) > 0 
1-i a @ 


In Problems 21-24, use integration by parts (13) to evaluate the given integral. 
Write each answer in the form a + ib. 


21. [ & coszds 22. [ esinzde 
Tw (0) 


1+i Tt 
23. J. ze” dz 24, z ee dz 
i 1) 


In Problems 25 and 26, use Theorem 5.7 to evaluate the given integral. In each 


1/2 


integral z°/~ is the principal branch of the square root function. Write each answer 


in the form a + ib. 


1 : 
25. | iin dz, C is the arc of the circle z = 4e"", —n/2<t < 7/2 
c 4z 


26. / 32/2 dz, C is the line segment between zp = 1 and z1 = 91 
C 
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27. Find an antiderivative of f(z) = sin z?. Do not think profound thoughts. 


28. Give a domain D over which f(z) = z(z +1)!” is analytic. Then find an 
antiderivative of f in D. 


5.5 Cauchy’s Integral Formulas and 


Their Consequences 


In the last two sections we saw the importance of the Cauchy-Goursat theorem in the 
evaluation of contour integrals. In this section we are going to examine several more con- 
sequences of the Cauchy-Goursat theorem. Unquestionably, the most significant of these is 
the following result: 


The value of a analytic function f at any point zo in a simply connected domain 
can be represented by a contour integral. 
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After establishing this proposition we shall use it to further show that: 


An analytic function f in a simply connected domain possesses derivatives of all 
orders. 


The ramifications of these two results alone will keep us busy not only for the remainder of 
this section but in the next chapter as well. 


5.5.1 Cauchy’s Two Integral Formulas 


Miigedeweneleey If f is analytic in a simply connected domain D and 
zg is any point in D, the quotient f(z)/(z — zo) is not defined at zp and 


hence is not analytic in D. Therefore, we cannot conclude that the integral 
of f(z)/(z — 2) around a simple closed contour C that contains zo is zero 
by the Cauchy-Goursat theorem. Indeed, as we shall now see, the integral of 
f(z)/(z — zo) around C has the value 27if(zo). The first of two remarkable 
formulas is known simply as the Cauchy integral formula. 


Theorem 5.9 Cauchy’s Integral Formula 


Suppose that f is analytic in a simply connected domain D and C is 
any simple closed contour lying entirely within D. Then for any point zo 
within C, 


(1) 


Proof Let D be a simply connected domain, C' a simple closed contour in 
D, and Zp an interior point of C. In addition, let C; be a circle centered at 
zo with radius small enough so that C{ lies within the interior of C. By the 
principle of deformation of contours, (5) of Section 5.3, we can write 


ef Ie. 


(one) Cc, ~*~ — *0 


(2) 


We wish to show that the value of the integral on the right is 277 f (zo). To this 
end we add and subtract the constant f(zo) in the numerator of the integrand, 


(z) Foss F (20) — f (zo) + f(z) oe 


C, * — ~0 Ci z— £O 


= fle) $ “ dz+ : POAT) i, (3) 


From (6) of Section 5.3 we know that 


1 
f dz = 2ni (4) 
Cc, *— %0 
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and so (3) becomes 


) a oet aya 6 TOA=T) gy 


Cc, ~~ 0 Ci z— 2 


(5) 


Since f is continuous at zo, we know that for any arbitrarily small ¢ > 0 
there exists a 6 > 0 such that |f(z) — f(zo)| < © whenever |z — zo| < 6. In 
particular, if we choose the circle C, to be |z — zo| = 46 < 6, then by the 
ML-inequality (Theorem 5.3) the absolute value of the integral on the right 
side of the equality in (5) satisfies 


F(z) — fo) E O\ 
| _ = az| < ae (5) = Jie: 


In other words, the absolute value of the integral can be made arbitrarily 
small by taking the radius of the circle C; to be sufficiently small. This can 


happen only if the integral is 0. Thus (5) is (2) dz = 2ni f(zo). The 
Ce z— £9 


theorem is proved by dividing both sides of the last result by 277. YQ 


Note 1 Because the symbol z represents a point on the contour C, (1) indicates 
that the values of an analytic function f at points zo inside a simple closed 
contour C are determined by the values of f on the contour C. 
Cauchy’s integral formula (1) can be used to evaluate contour integrals. 
Since we often work problems without a simply connected domain explicitly 
defined, a more practical restatement of Theorem 5.9 is: 


If f is analytic at all points within and on a simple closed contour C, and 
f(z) 
dz 


em 0 


il 
zo is any point interior to C, then f(z) = ee ¢ 
TVIC 


| EXAMPLE 1 Using Cauchy’s Integral Formula 


2_Az+A4 
Evaluate ¢ ee dz, where C is the circle |z| = 2. 
C Z+1 


Solution First, we identify f(z) = 2? —4z+4 and z = —i asa point within 
the circle C. Next, we observe that f is analytic at all points within and on 
the contour C. Thus, by the Cauchy integral formula (1) we obtain 


2_de+4 
¢ BET de = Dei f(—) = Pri 4 a) = (8 4 i). 
C zZt+t 


es SC 


| EXAMPLE 2 Using Cauchy’s Integral Formula 


Evaluate ¢ a dz, where C is the circle |z — 27] = 4. 
co 274+9 


C 


-31 


Figure 5.44 Contour for Example 2 
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Solution By factoring the denominator as z? + 9 = (z — 3i)(z + 37) we see 
that 37 is the only point within the closed contour C' at which the integrand 
fails to be analytic. See Figure 5.44. Then by rewriting the integrand as 


z 
Z| =z} re 
2249 — z— 31 


? 


we can identify f(z) = z/(z +32). The function f is analytic at all points 
within and on the contour C. Hence, from Cauchy’s integral formula (1) we 
have 


z 


2 33 . . Ot ; 
§oeeg ten [St ae = ani 8) = 21 =. 


NYaeemedewetelem Ve shall now build on Theorem 5.9 by using it to 


prove that the values of the derivatives f‘)(zo),n = 1, 2, 3, ... of an analytic 
function are also given by a integral formula. This second integral formula is 
similar to (1) and is known by the name Cauchy’s integral formula for 
derivatives. 


Theorem 5.10 Cauchy’s Integral Formula for Derivatives 


Suppose that f is analytic in a simply connected domain D and C is 
any simple closed contour lying entirely within D. Then for any point zo 
within C, 


(6) 


Partial Proof We will prove (6) only for the case n = 1. The remainder 
of the proof can be completed using the principle of mathematical induction. 
We begin with the definition of the derivative and (1): 


f'(z0) = Jim 19 os A?) _ f (20) 


— 1 f(z) (2) 
- pean Ag lf z— (zo + Az) o Cc 2%—20 os 


ee | f(z) 
_ dma (z — 29 — Az)(z — 20) ee 


Before continuing, let us set out some preliminaries. Continuity of f on the 
contour C' guarantees that f is bounded (see page 124 of Section 2.6), that 
is, there exists a real number M such that |f(z)| < M for all points z on C. 
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In addition, let LZ be the length of C' and let 6 denote the shortest distance 
between points on C and the point zo. Thus for all points z on C' we have 


1 1 
|z— z9| > 06 or ——5 Se 
|z — Z| 6 


Furthermore, if we choose |Az| < $6, then by (10) of Section 1.2, 


|z — zo — Az| > ||z — 20] — |Az|| > 6 — |Az| > $6 


dL 2 
and so, Gear 
Now, 
L(@) f(2) 
dz dz 

Der ae cere 
= Az f(z) , | < 2MElAzI 
=|\$ oot E ae 


Because the last expression approaches zero as Az — 0, we have shown that 


a) — qr, f(20+Az)— flzo) 1 f(z) 
F'(0) = Pen Az Ori £ (z — 2)? oe 
which is (6) for n = 1. NS 


Like (1), formula (6) can be used to evaluate integrals. 


EXAMPLE 3 Using Cauchy’s Integral Formula for Derivatives 


1 
Evaluate ¢ ae dz, where C is the circle |z| = 1. 
co 24 + 2iz3 


Solution Inspection of the integrand shows that it is not analytic at z = 0 
and z = —2i, but only z = 0 lies within the closed contour. By writing the 
integrand as 


z+1 
z+1 _ 2+2i 
z4 + 2iz3 23 


we can identify, 29 = 0, n = 2, and f(z) = (2+ 1)/(<+ 2%). The quotient 
rule gives f(z) = (2 — 4i)/(z + 2i)3and so f”(0) = (2i —1)/4i. Hence from 
(6) we find 


z+1 271 T 
dz = "(0) =—-— + =i. 
fate a OS ge 


Cc 


Figure 5.45 Contour for Example 4 
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EXAMPLE 4 Using Cauchy’s Integral Formula for Derivatives 


343 
Evaluate / oo: dz, where C is the figure-eight contour shown in Figure 
Cc He 


5.45. 
Solution Although C is not a simple closed contour, we can think of it as 
the union of two simple closed contours C; and C2 as indicated in Figure 


5.45. Since the arrows on C flow clockwise or in the negative direction, the 
opposite curve —C;, has positive orientation. Hence, we write 


3 3 3 
[| e-/ aha | a3, 
o 2(z— 1)? oc, 2(z— 1)? oe 22-17 
+3 243 
(z — 1%)? Zz 
== AS dg + ag dz = —h +t, 
—Ci z a, (@-9) 


and we are in a position to use both formulas (1) and (6). 
To evaluate I, we identify zo = 0, f(z) = (23+3)/(z—-i)?, and f(0) = —3. 
By (1) it follows that 


B43 
GP | | | 
=p dz = 2ni f(0) = 2ni(—3) = —6ri. 
—Cy 


To evaluate Iz we now identify z9 = i, n = 1, f(z) = (234 3)/z, f(z) = 
(223 — 3)/z?, and f’(i) = 3+ 2i. From (6) we obtain 
243 


271 : : 
a f, (z = eo aT f' (i) = 2ni(3 + 24) = —40 + Gri. 


Finally, we get 


243 ; 
eae dz = —I, + In = 61 + (—40 + Ori) = —Ar + 1277. 
2 = 


—— eee 


5.5.2 Some Consequences of the Integral Formulas 


An immediate and important corollary to Theorem 5.10 is summarized next. 


Theorem 5.11. Derivative of an Analytic Function Is Analytic 


Suppose that f is analytic in a simply connected domain D. Then f 
possesses derivatives of all orders at every point z in D. The derivatives 
ft. f", f", ... are analytic functions in D. 
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If a function f(z) = u(a, y) +iv(x, y) is analytic in a simply connected 
domain D, we have just seen its derivatives of all orders exist at any point z 
in Dand so f’, f”, f/’,... are continuous. From 


r"(2) ru A jo _ vy ; Oru 
Ox? 0x2 OyOu =~ OYOu 


we can also conclude that the real functions u and v have continuous partial 
derivatives of all orders at a point of analyticity. 


OF eiacmastcepetsiavs We begin with an inequality derived from the 


Cauchy integral formula for derivatives. 


Theorem 5.12 Cauchy’s Inequality 


Suppose that f is analytic in a simply connected domain D and C is a 
circle defined by |z — zo| = r that lies entirely in D. If |f(z)| < M for all 


points z on C, then 


|r (20))| < (7) 


rn 


Proof From the hypothesis, 


f(z) 


(z — z)+1 


_|f@l  M 


> prntl = pr+i’ 


Thus from (6) and the ML-inequality (Theorem 5.3), we have 


f(z) n! M ni M 
ty dz|< qq 2ar = 


Go |= 
fl Or Z— 2)rtl ~ Qn rt rn By 


The number M in Theorem 5.12 depends on the circle |z — zo| = r. But 
notice in (7) that ifn =0, then M > | f(z0)| for any circle C centered at z 
as long as C lies within D. In other words, an upper bound M of | f(z)| on C 
cannot be smaller than | f(z) |. 


lite aiievS MMivereygetae) §=Theorem 5.12 is then used to prove the next 


result. Although it bears the name “Liouville’s theorem,” it probably was 
first proved by Cauchy. The gist of the theorem is that an entire function f, 
one that is analytic for all z, cannot be bounded unless f itself is a constant. 
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Theorem 5.13. Liouville’s Theorem 


The only bounded entire functions are constants. 


Proof Suppose f is an entire function and is bounded, that is, |f(z)| <M 
for all z. Then for any point zo, (7) gives | f’(zo)| < M/r. By making 
r arbitrarily large we can make | f’(zo)| as small as we wish. This means 
f'(Zo) = 0 for all points z 9 in the complex plane. Hence, by Theorem 3.6(iz), 
f must be a constant. NN 


hobatek-bastcyairel MM MalcronciesMom@sWlxclee-m Theorem 5.13 enables us to 


establish a result usually learned—but never proved—in elementary algebra. 


Theorem 5.14 Fundamental Theorem of Algebra 


If p(z) is a nonconstant polynomial, then the equation p(z) = 0 has at 
least one root. 


Proof Let us suppose that the polynomial p(z) = a@n2" +an_12™ 1 +---+ 
a,z+ a9, n > 0, is not 0 for any complex number z. This implies that the 
reciprocal of p, f(z) = 1/p(z), is an entire function. Now 


1 


lan 2” + Gn—12"-1 + +++ + az + aol 
1 


~ Yz["|an + Qna/z +e + ay/2"-! + ao/2"| 


| F(Z) 


Thus, we see that | f(z) | — Oas |z| > oo, and conclude that the function f 
must be bounded for finite z. It then follows from Liouville’s theorem that f 
is a constant, and therefore p is a constant. But this is a contradiction to our 
underlying assumption that p was not a constant polynomial. We conclude 
that there must exist at least one number z for which p(z) = 0. YQ 


It is left as an exercise to show, using Theorem 5.14, that if p(z) is a non- 
constant polynomial of degree n, then p(z) = 0 has exactly n roots (counting 
multiple roots). See Problem 29 in Exercises 5.5. 


The proof of the next theorem enshrined the 


name of the Italian mathematician Giacinto Morera forever in texts on com- 
plex analysis. Morera’s theorem, which gives a sufficient condition for analyt- 
icity, is often taken to be the converse of the Cauchy-Goursat theorem. For 
its proof we return to Theorem 5.11. 
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Theorem 5.15 Morera’s Theorem 


If f is continuous in a simply connected domain D and if bo f( z)dz=0 
for every closed contour C' in D, then f is analytic in D. 


Proof By the hypotheses of continuity of f a fo F( z)dz = 0 for every 
closed contour C in D, we conclude that fart z) dz is peel of the 
path. In the _ of (7) of Section 5.4 we Ae saw that the function F 
defined by F(z = fr f(s) ds (where s denotes a complex variable, zo is a 
fixed point in a. and z cde any point in D) is an antiderivative of 
f; that is, F’(z) = f(z). Hence, F is analytic in D. In addition, F’(z) 
is analytic in view of Theorem 5.11. Since f(z) = F’(z), we see that f is 
analytic in D. 


An alternative proof of this last result is outlined in Problem 31 in Exer- 
cises 5.5. 

We could go on at length stating more and more results whose proofs rest 
on a foundation of theory that includes the Cauchy-Goursat theorem and the 
Cauchy integral formulas. But we shall stop after one more theorem. 

In Section 2.6 we saw that if a function f is continuous on a closed and 
bounded region R, then f is bounded; that is, there is some constant M such 
that |f(z)| < M for z in R. If the boundary of R is a simple closed curve C, 
then the next theorem, which we present without proof, tells us that |f(z)| 
assumes its maximum value at some point z on the boundary C. 


Theorem 5.16 Maximum Modulus Theorem 


Suppose that f is analytic and nonconstant on a closed region R bounded 
by a simple closed curve C’. Then the modulus | f(z)| attains its maximum 
on C. 


If the stipulation that f(z) 4 0 for all z in R is added to the hypotheses 
of Theorem 5.16, then the modulus | f(z)| also attains its minimum on C. See 
Problems 27 and 33 in Exercises 5.5. 


EXAMPLE 5 Maximum Modulus 
Find the maximum modulus of f(z) = 2z + 5i on the closed circular region 
defined by |z| < 2. 


Solution From (2) of Section 1.2 we know that |z|? = zz. By replacing the 
symbol z by 2z + 5i we have 


|2z + Bil? = (22 + 5i)(Qz + 5a) = (22 + Bi)(2zZ — Bi) = 427 — 10i(z— 2) +25. (8) 


But from (6) of Section 1.1, 7 — z = 2iIm(z), and so (8) is 


|2z + 5é|? = 4|z|? + 20 Im(z) + 25. (9) 
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Because f is a polynomial, it is analytic on the region defined by |z| < 2. By 
Theorem 5.16, maxz)<2 | 2z + 57| occurs on the boundary |z| = 2. Therefore, 
on |z| = 2, (9) yields 


| 22+ 5i| = \/41 + 20 Im(z). (10) 


The last expression attains its maximum when Im(z) attains its maximum on 
|z| = 2, namely, at the point z = 27. Thus, max),)<2 |2z + 5i| = V81 =9. 


Note in Example 5 that f(z) = 0 only at z = —3i and that this point is 
outside the region defined by |z| < 2. Hence we can conclude that (10) attains 
its minimum when Im(z) attains its minimum on |z| = 2 at z = —2i. Asa 
result, minj,)<2 |22+5i|= V1 =1. 


Comparison with Real Analysis 


In real analysis many functions are bounded, that is, |f(a)| < M for all a. 
For example, sin x and cos x are bounded since |sin x| < 1 and |cos z| < 1 
for all x, but we have seen in Section 4.3 that neither sin z nor cos z are 
bounded in absolute value. 


DRG DOM DS Answers to selected odd-numbered problems begin on page ANS-17. 


5.5.1 Cauchy’s Integral Formulas 


In Problems 1—22, use Theorems 5.9 and 5.10, when appropriate, to evaluate the 
given integral along the indicated closed contour(s). 


4 2 
1. dz; = 2. ————. dz; = 
tos 2 |2| $ om 23 [2 


3. $ c - dz; |z|=4 4, $ pve dz; |z| =1 
cz Cc z 
2 . ' 
5. $ Se nies of COS% ge: |z| = 1.1 
C z+ 2i co 382-7 
2 
7. $ + — dz; (a) |z — i] =2, (b) |z +. 24] =1 
coc 27t+a4 
2 ; 
z +324 21 3 
2 
af — eee ee ene 10. f ams de: |z—2i| =2 
co 22 —5iz—4 co 24+? 
2 
e z 
11. dz; || = 1 12. dz; =2 
too 23 |z— il pe lal 
2 ~* si 
13. p SH ae jz) =1 14. $ : 5 dz; jz-1,=3 
a * ec # 
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15. tate dz; (a) |z| = 4, (b) jz +1) =2 (©) |z—3| =2, (d) |z +2i =1 
16. teers (a) [zl =, (b) |z+1/=1 (©) |z-1]=3, (@) |e =4 


17. bau igi, ist 


18. $ oe ee eile) eed 1b) eed aed 


e2iz 4 
cosh z sin? z 
20. dz; =3 
£ (car aa) &F 


a. f - : dz; |z—2|)=5 


1 
22. dz; | = 2 
f 2(22 + 1) z; |z—i]= 5 


In Problems 23 and 24, evaluate the given integral, where C is the figure-eight 
contour in the figure. 


3 1 UZ 
23 $ 2+ de 24 $ : 2 
oc 2(2 — 2)? oc (2? +1) 
y 
y 
c % 
x 
Cc 
Figure 5.46 Figure for Problem 23 Figure 5.47 Figure for Problem 24 


5.5.2 Some Consequences of the Integral Formulas 


In Problems 25 and 26, proceed as in Example 5 to find the maximum modulus of 

the given function on indicated closed circular region. 

25. f(z) =—izt+i4; |z| <5 26. f(z) = 22 +42; |z) <1 

27. Suppose the boundary C of the closed circular region R defined by |z| < 1 is 
parametrized by « = cost, y = sint, 0 < t < 2m. By considering | f(z(t)) |, 
find the maximum modulus and the minimum modulus of the given analytic 
function f and the points z on C that give these values. 


(a) f(z) = (iz +3)? 
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(b) f(z) = (2-2 - 2V3i)? 
(c) f(z) = —2iz7 +5 


[Hint: In parts (b) and (c), it may help to recall from calculus how to find the 
relative extrema of a real-valued function of real variable t.] 


[Focus on Concepts| on Concepts 


28. (Cauchy’s Integral Formula) Suppose f is analytic within and on a circle C 
of radius r with center at zo. Use (1) to obtain 


20 


f(zo) = = : f(zo + re”) dé. 


This result is known as Gauss’ mean-value theorem and shows that the 
value of f at the center zo of the circle is the average of all the values of f on 
the circumference of C. 


29. (Fundamental Theorem of Algebra) Suppose 


-1 


P(Z) = Anz" +Qn—12" — ++++ +412 +49 


is a polynomial of degree n > 1 and that z; is number such that p(z:) = 0. 
Then 


i) Rete) <9) ease) anai(2"2 = a) pet 


(b) Use the result in part (a) to show that p(z) = (2 — 21)q(z), where q is a 
polynomial of degree n — 1. 


(c) Use the result in part (b) to give a sound explanation why the equation 
p(z) = 0 has n roots. 


30. Use Problem 29 to factor the polynomial 
p(z) = 2° + (3 — 4i)z? — (15 + 4i)z — 1 + 12%. 
Do not use technology. 


31. (Morera’s Theorem) Sometimes in the proof of Theorem 5.15 continuity of 
f’ in D is also assumed. If this is the case, then (3) of Section 5.1 and Green’s 
theorem can be used to write fo f(z) dz as 


ic )dz= p ude—vdy+if vde+udy 
fae" oy) Mf ey) 


where R denotes the region bounded by C’. Supply the next step(s) in the proof 
and state the conclusion. 


32. (Maximum Modulus Theorem) Critique the following reasoning: 


Consider the function f(z) = z* + 5z— 1 defined the closed circular region 
region defined by |z| < 1. It follows from the triangle inequality, (10) of Section 
1.2, that 


|27 +52 —-1] < lz? +5]z| +] -1]. 
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Since the maximum modulus of f occurs on |z| = 1, the inequality shows that 
the maximum modulus of f(z) = z? + 5z —1 over the region is 7. 


33. In this problem we will start you out in the proof of the minimum modulus 
theorem. 


If fis analytic on a closed region R bounded by a simple closed curve 
C and f(z) #0 for all z in R, then the modulus |f(z)| attains its 


minimum on C. 


Define the function g(z) = 1/f(z), reread Theorem 5.16, and then complete 
the proof of the theorem. 


34. Suppose f(z) = z+1 -7 is defined over the triangular region R that has vertices 
i, 1, and 1+7. Discuss how the concept of distance from the point —1 +7 can 
be used to find the points on the boundary of R for which |f(z)| attains its 
maximum value and its minimum value. 


5.6 Applications 


In Section 1.2 we introduced the notion that a complex number could be interpreted as a 
two-dimensional vector. Because of this, we saw in Section 2.7 that a two-dimensional vector 
field F(a, y) = P(a, y)i+ Q(a, y)j could be represented by means of a complex-valued 
function f by taking the components P and Q of F to be the real and imaginary parts of 
f; that is, f(z) = P(a, y) +iQ(z, y) is a vector whose initial point is z. In this section 
we will explore the use of this complex representation of the vector function F(z, y) in the 
context of analyzing certain aspects of fluid flow. Because the vector field consists of vectors 
representing velocities at various points in the flow, F(a, y) or f(z) is called a velocity 
field. The magnitude ||F'|| of F , or the modulus |f(z)| of the complex representation f, is 
called speed. 
It will assumed throughout this section that every domain D is simply connected. 


iexelrinteiiaaccaneme mtctem@ Throughout this section we consider 


only a two-dimensional or planar flow of a fluid (see Sections 2.7 and 3.4). 
This assumption permits us to analyze a single sheet of fluid flowing across 
a domain D in the plane. Suppose that F(z, y) = P(a, y)i+ Q(2, y)j 
represents a steady-state velocity field of this fluid flow in D. In other words, 
the velocity of the fluid at a point in the sheet depends only on its position 
(a, y) and not on time t. In the study of fluids, if curl F = 0, then the fluid flow 
is said to be irrotational. If a paddle device, such as shown in Figure 5.48, 
is inserted in a flowing fluid, then the curl of its velocity field F is a measure 
of the tendency of the fluid to turn the device about its vertical axis (imagine 
this vertical axis pointing straight out of the page). The flows illustrated in 
Figures 5.48(a) and 5.48(b) are irrotational because the paddle device is not 
turning. The word “irrotational” is somewhat misleading because, as is seen 
in Figure 5.48(b), it does not mean that the fluid does not rotate. Rather, 
if curl F = O, then the flow of the fluid is free of turbulence in the form of 
vortices or whirlpools that would cause the paddle to turn. In the case of 
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a A 
ee ee pore “a = Ae — A es 
—_< as a es: ea 


(a) (b) (c) 


Figure 5.48 Three fluid flows 


Figure 5.48(c), the flow is rotational; notice the vortices and that the paddle 
device is depicted as turning. 

The divergence of the vector field F(x, y) = P(x, y)i + Q(a, y)j is a 
measure of the rate of change of the density of the fluid at a point. If div 
F = 0, the fluid is said to be incompressible; that is, an incompressible 
fluid is homogeneous (constant density) throughout the domain D. Ina simply 
connected domain D, an incompressible flow has the special property that the 
amount of fluid in the interior of any simple closed contour C' is independent 
of time. The rate at which fluid enters the interior of C matches the rate 
at which it leaves, and consequently there can be no fluid sources or sinks at 
points in D. In electromagnetic theory, if F represents a vector field for which 
div F = 0, then F is said to be solenoidal. Let us assume that P and Q are 
continuous and have continuous partial derivatives in D. Then from vector 
calculus div F (or V-F) is a scalar function and curl F (or V x F) is a vector: 


_aP , 0Q 


div F Aa + Dy 


and curl F = (3 =) k. (1) 


Ox By 


In the case of an ideal fluid, that is, an incompressible nonviscous fluid 
whose planar flow is irrotational, we see from (1) that div F = 0 and curl F 
= 0 yield the simultaneous equations 


7 OP 0Q 
Oz OO a Oy Ox’ (2) 


The system of partial differential equations in (2) is reminiscent of the Cauchy- 
Riemann equations—a criterion for analyticity presented in Theorem 3.5 of 
Section 3.2. If the vector field F(a, y) = P(a, y)i + Q(a, y)j is represented 
by the complex function f(z) = P(x, y) +iQ(a, y), then it turns out that (2) 
implies that the conjugate of f, that is, g(z) = f(z) = P(a, y) —iQ(a, y), is 
an analytic function in D. 


Theorem 5.17. Vector Fields and Analyticity 


Suppose the functions u, v, P, and Q are continuous and have continuous 
first partial derivatives in a domain D. 


(Theorem continues on page 286) 
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(i) If F(a, y) = P(a, y)i + Q(a, y)j is a vector field for which 
div F = 0 and curl F = 0 in D, and if f(z) = P(a, y) +iQ(a, y) 


is the complex representation of F, then the function g(z) = f(z) = 
P(x, y) —iQ(, y) is analytic in D. 


(ii) Conversely, if g(z) = u(x, y)+iu(a, y) is analytic in D, then the func- 
tion f(z) = g(z) = u(a, y) — iu(a, y) is the complex representation 
of a vector field F(z, y) = P(x, y)i + Q(a, y)j for which div F = 0 


and curl F = 0 in D. 


Proof (z) If we let u(x, y) and u(z, y) denote the real and imaginary parts 
of g(z) = f(z) = P(a,y) — iQ(az, y), then P = u and Q = —v. Because div F 
= 0 and curl F = 0, the equations in (2) become, respectively, 


Ou O(-v) Ou _ O(-v) 
Ae = dy and ay => Ae . 
Ou Ov Ou Ov 
That is, dn Oy and dy > Fe" (3) 


The equations in (3) are the usual Cauchy-Riemann equations, and so by 
Theorem 3.5 we conclude that g(z) = f(z) = P(x,y) — iQ(a,y) is analytic 
in D. 


(it) We now let P(x, y) and Q(x, y) denote the real and imaginary parts 
of f(z) = g(z) = u(a, y) — iv(a, y). Since u = P and v = —Q, the Cauchy- 
Riemann equations become 


oP _a-Q) __aQ aP __al-Q) _ ag 
Or = =Oy —— Oy and Oy Ox On (4) 
These are the equations in (2) and so div F = 0 and curl F = 0. NS 


EXAMPLE 1 Vector Field Gives an Analytic Function 


The two-dimensional vector field 


K Y— Yo . L— Xo 
F(¢,y) = 


i j|, kK > 0, 
2x | (w@—20)?+(y—yo)” (a@—20)" +(y— yo)” | 

can be interpreted as the velocity field of the flow of an ideal fluid in a domain 
D of the xy-plane not containing (xo, yo). It is easily verified that the fluid is 
incompressible (div F = 0) and irrotational (curl F = 0) in D. The complex 
representation of F is 


a Y — Yo ; zZ — £0 
n= 9 _—" =] 
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Indeed, by rewriting f as 


K xL— Xo - y — Yo 


Qmi | (@ — 0)? +(y— yo)’ (© — 20)" + (¥ — Yo)” 


f(z) = 


and using 29 = 2% + tyo and z = x + iy, you should be able to recognize f(z) 
is the same as 


ta) K z-2Z9 ; kK 1 


- Qn |z — zo)? 


Hence from Theorem 5.17(7), the complex function g(z) defined as the conju- 
gate of f(z) is a rational function, 


a) = fl2) =—-s 
and is analytic in a domain D of the z-plane not containing 2p. 


Any analytic function g(z) can be interpreted as a complex representation 
of the velocity field F of a planar fluid flow. But in view of Theorem 5.17(iz), it 
is the function f defined as the conjugate of g, f(z) = g(z), that is a complex 
representation of a velocity field F(x, y) = P(x, y)it+ Q(2, y)j of the planar 
flow of an ideal fluid in some domain D of the plane. 


EXAMPLE 2. Analytic Function Gives a Vector Field 


The polynomial function g(z) = kz = k(a# + iy),k > 0, is analytic in any 
domain D of the complex plane. From Theorem 5.17(ii), f(z) = g(z) = kz = 
ka — iky is the complex representation of a velocity field F of an ideal fluid 
in D. With the identifications P(a, y) = ka and Q(x, y) = —ky, we have 
F(a, y) = k(ai— yj). A quick inspection of (2) verifies that div F = 0 and 
curl F = 0. 


Sinwertelennecmmeatcnacyinces We can now tie up a few loose ends be- 


tween Section 2.7 and Section 3.4. In Section 2.7, we saw that if F(x, y) = 
P(x, yjit+ Q(a, yj or f(z) = P(x, y) + 1Q(x, y) represented the velocity 
field of any planar fluid flow, then the actual path z(t) = x(t) + iy(t) of a 
particle (such as a small cork) placed in the flow must satisfy the system of 
first-order differential equations: 


dx 

— = P(x, 

a (x,y) eS 
7 Q(x, y). 


The family of all solutions of (5) were called streamlines of the flow. 
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In Section 3.4 we saw that in the case of a planar flow of an ideal fluid, 
the velocity vector F could be represented by the gradient of a real-valued 
function ¢ called a velocity potential. The level curves $(a, y) = c, were 
called equipotential curves. Most importantly, the function ¢ is a solution 
of Laplace’s equation in some domain D and so is harmonic in D. After 
finding the harmonic conjugate (x, y) of ¢, we formed a function 


called the complex velocity potential, which is analytic in D. In that con- 
text, we called a(x, y) a stream function and its level curves w(x, y) = ce 
streamlines. 

We shall now demonstrate that we are talking about the same thing in 
(5) and (6). Let us assume that F(a, y) = P(a, y)i+ Q(2, y)j is the velocity 
field of the flow of an ideal fluid in some domain D. Let’s start by reviewing 
the content of the paragraph containing (6). Because F(x, y) = P(x, y)i+ 
Q(x, y)j is a gradient field, there exists a scalar function ¢ such that 


F(a) =Vo= Sit 35 (7 
and 90 Se = Pley) and 5 = Q(x,y). (6) 
xv Oy 


Because ¢ is harmonic in D, we call it a potential function for F. We then find 
its harmonic conjugate w and use it to form the complex velocity potential 
Q(z) = d+ iy. Since Q(z) is analytic in D, we can use the Cauchy-Riemann 
equations 


a6 ap A$ ab 
de oy Bye ae _ 
to rewrite (8) as 
0 fo) 
se = Plx,y) and 5 =-Q(2,y), (10) 
Yy iG 


Now let us re-examine the system of differential equations in (5). If we 
divide the second equation in the system by the first, we obtain a single first- 
order differential equation dy/dxz = Q(x, y)/P(ax, y) or 


—Q(a, y)dx + P(x, y)dy = 0. (11) 


Then by (2), we see that P and Q are related by 0P/Ox = O(—Q)/dy = 
—0Q/0y. This last condition proves that (11) is an exact first-order differ- 
ential equation. More to the point, the equations in (10) show us that (11) is 
the same as 

Ow Ow ne: 


— — F 12 
ao y =0 (12) 


Note ©& 
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If you have not had a course in differential equations, then the foregoing 
manipulations may not impress you. But those readers with some knowledge 
of that subject should recognize the result in (12) establishes that (11) is 
equivalent to the exact differential d(q(a, y)) = 0. Integrating this last 
equation shows that all solutions of (5) satisfy w(a, y) = cg. In other words, 
the streamlines of the velocity field F(x, y) = P(x, y)i+ Q(a, y)j obtained 
from (5) are the same as the level curves of the harmonic conjugate 7 of ¢ 
in (6). 


(Ofoysnyo)lcram melncigtlmm@ateastjinces Assume that F(z, y) = P(z, y)i 


+ Q(z, y)j is the velocity field of the flow of an ideal fluid in some domain 
D of the plane and that Q(z) = ¢(#, y) + w(x, y) is the complex velocity 
potential of the flow. We know from Theorem 5.17(i) that from the complex 
representation f(z) = P(x, y) +iQ(a, y) of F we can construct an analytic 
function g(z) = f(z) = P(a, y) —iQ(a, y). The two analytic functions g and 
Q are related. To see why this is so, we first write the gradient vector F in 
(7) in equivalent complex notation as 
_ 06 0b 


f(z) = ae os (13) 


Now by (9) of Section 3.2, the derivative of the analytic function Q(z) = 
o(x, y) + iv(a, y) is the analytic function 
_ 06, Ob 


@)=— = 14 
(2) Ox — Ox 
We now replace 0w/Ox in (14) using the second of the Cauchy-Riemann equa- 
tions in (9): 


O'(z) = = -iz. (15) 
By comparing (13) and (15) we see immediately that f(z) = Q'(z) and, 
consequently, 


g(2) = Q(z). (16) 
The conjugate of this analytic function, g(z) = f(z) = f(z), is the complex 
representation of the vector field F whose complex potential is Q(z). In 
symbols, 


f(2) =I. (17) 


Because f(z) is a complex representation of velocity vector field, the quantity 


Q'(z) in (17) is sometimes referred to as the complex velocity. 

You may legitimately ask: Is (17) merely interesting or is it useful? An- 
swer: Useful. Here is one practical observation: Any function analytic in some 
domain D can be regarded as a complex potential for the planar flow of an 
ideal fluid. 
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| EXAMPLE 3 Complex Potentials 


(a) The analytic function Q(z) = kz, k > 0, is a complex potential for 
the flow in Example 2. By (16), the derivative g(z) = Q’(z) = kz is an 
analytic function. By (17), the conjugate f(z) = Q'(z) or f(z) = kz = 
ka — iky is the complex representation of the velocity vector field F of 
the flow of an ideal fluid in some domain D of the plane. The complex 
potential of F is Q(z). Since Q(z) = $k(a? — y? + 2xyi), we see that the 
streamlines of the flow are ry = co. 


(b) The complex function Q(z) = Az, A > 0, is a complex potential for a 
very simple but important type of flow. From 


Q'(z)=A and O'(z)=A, 


we see that Q(z) is the complex potential of vector field F whose complex 
representation is f(z) = A. Because the speed | f| = A is constant at every 
point, we say that the velocity field F(x, y) = Ai is a uniform flow. In 

~ other words, in a domain D such as the upper half-plane, a particle in the 
fluid moves with a constant speed. From Q(z) = Az = Ax + iAy, we see 
that a path of a moving particle, a streamline for the flow, is a horizontal 
line from the family defined by y = cg. Notice that the boundary of the 
domain D, y = 0, is itself a streamline. See Figure 5.49. 


———————EE———————— 


Figure 5.49 Uniform flow 


(Oiineatielatesm-veM@N (clas Mibeas Given a simple closed curve C oriented 


counterclockwise in the plane and a complex function f that represents the 
velocity field of a planar fluid flow, we can ask the following two questions: 


(1) To what degree does the fluid tend to flow around the curve C? 


(ii) What is the net difference between the rates at which fluid enters and 
leaves the region bounded by the curve C’? 


The quantities considered in questions (7) and (ii) are called the circulation 
around C’ and the net flux across C, respectively. A precise definition of 
circulation and flux depends on the use of a contour integral involving the 
complex representation f and will be given shortly. In the meantime, we 
can decide whether the circulation or net flux is positive, negative, or 0 by 
graphing the velocity vector field f of the flow. As with arguments of complex 
numbers, we consider the counterclockwise direction of a flow as the “positive” 
direction. Thus, a flow will have a positive circulation around C’ if the fluid 
tends to flow counterclockwise around C. Similarly, a negative circulation 
means the fluid tends to flow clockwise around C, and a 0 circulation means 
that the flow is perpendicular to C. For example, in Figure 5.50, the circulation 
is positive since the fluid tends to flow counterclockwise around C, whereas 
the circulation in Figure 5.51 is 0 since the flow is perpendicular to the curve 
C. In a similar manner, we consider a positive net flux to mean that fluid 


Figure 5.50 Positive circulation and 


zero net flux 
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Figure 5.51 Zero circulation and posi- 


tive net flux 
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leaves the region bounded by the curve C' at a greater rate than it enters. 
This indicates the presence of a source within C, that is, a point at which 
fluid is produced. Conversely, a negative net flux indicates that fluid enters 
the region bounded by C at a greater rate than it leaves, and this indicates 
the presence of a sink inside C, that is, a point at which fluid disappears. 
If the net flux is 0, then the fluid enters and leaves C' at the same rate. In 
Figure 5.50, the flow is tangent to the circle C. Thus, no fluid crosses C’, and 
this implies that the net flux across C' is 0. On the other hand, in Figure 5.51, 
the net flux across C' is positive because the flow appears to be only leaving 
the region bounded by C. 
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Figure 5.52 Velocity field for part (a) 


of Example 4 
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Figure 5.53 Velocity field for part (b) 


of Example 4 


EXAMPLE 4. Circulation and Net Flux of a Flow 


Let C be the unit circle |z| = 1 in the complex plane. For each flow f 
determine graphically whether the circulation around C is positive, negative, 
or 0. Also, determine whether the net flux across C' is positive, negative, 


or 0: (a) f(z) = (2-7)? (b) f(z) = 1/2. 


Solution In each part, we have used a computer algebra system to plot the 
velocity vector field f and the curve C. 


(a) The velocity field f(z) = (z—i)* is given in Figure 5.52. Because the 
vector field f shows that the fluid flows clockwise about C’, we conclude 
that the circulation is negative. Moreover, since it appears that no fluid 
crosses the curve C, the net flux is 0. 


(b) The velocity field f(z) = 1/z given in Figure 5.53 indicates that the fluid 
flows an equal amount counterclockwise as it does clockwise about C. 
This suggests that the circulation is 0. In addition, because the same 
amount of fluid appears to enter the region bounded by C as exits the 
region bounded by C, we also have that the net flux is 0. 


———— 


Circulation and Net Flux Revisited (RRR Mitclssercmetcmreette 


tangent vector to a positively oriented, simple closed contour C. If F(a, y) = 
P(x, y)it+ Q(2, y)j represents a velocity vector field of a two-dimensional fluid 
flow, we define the circulation of F along C as the real line integral $0 F - dr, 
where dr = dxi+dyj. Since dr/dt = (dr/ds)(ds/dt), where dr/ds = (da/ds) i+ 
(dy/ds)j = T is a unit tangent to C, the line integral can be written in term 
of the tangential component of the velocity vector F; that is, 


circulation = ¢ F-Tds. (18) 


Cc 


As we have already discussed, the circulation of F is a measure of the amount 
by which the fluid tends to turn the curve C by rotating, or circulating, around 
it. If F is perpendicular to T for every (2, y) on C, then $6 F-Tds =0 and 
the curve does not move at all. On the other hand, foF -Tds > 0 and 


Figure 5.54 Flow of fluid tends to 
turn C. 
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$6 F .Tds < 0 mean that the fluid tends to rotate C in the counterclockwise 
and clockwise directions, respectively. See Figure 5.54. 

Now if N = (dy/ds)i — (dx/ds)j denotes the normal unit vector to a 
positively oriented, simple closed contour C, and if F(a, y) = P(a, y)it+ 
Q(x, y)j again represents a velocity field of a two-dimensional fluid flow, we 
define the net flux of F as the real line integral of the normal component of 
the velocity vector F: 


net flux = ¢ F-Nds. (19) 
Cc 


Specifically, (19) defines a net rate at which the fluid is crossing the curve C 
in the direction of the normal N and is measured in units of area per unit 
time. In other words, the net flux across C' is the difference between the rate 
at which fluid enters and the rate at which fluid leaves the region bounded by 
C. A nonzero value of $6 F . Nds indicates the presence of sources or sinks 
for the fluid inside the curve C. 

Now if f(z) = P(x, y) +iQ(a, y) is the complex representation of the 
velocity field F of a fluid, the line integrals (18) and (19) can be computed 
simultaneously by evaluating the single contour integral $, f(z) dz. To see 
how this is done, first observe: 


fP-Tas= 9 (Pi+Qi) (Gi+ Si) ds= p Pde+Qdy 
fF Nas= $ (Pi+Q))- Goes ds = p Pdy- Qdz, 


and then: 


{To dem § ( P — iQ) (dx + idy) 
= 


| Pav+Qay) +i(¢ Pdy- Qar) 


-(¢ | F-Tas) + i(f P-Nas), (20) 


Equation (20) shows that (18) and (19) can be found by computing $,, f(z) dz 
and identifying the real and imaginary parts of the result. That is, 


circulation = Re ¢ Te) 4z) and net flux = Im ¢ Te) az). (21) 
Cc Cc 


EXAMPLE 5 Circulation and Net Flux 

Use (21) to compute the circulation and the net flux for the flow and curve C 
in part (a) of Example 4. 

of Example 4, the flow is f(z) = (z — i)? and C is 
(2) = (z-i)° = (Z+ i)? = 274 2iz—-1, and C is 


Solution From part (a 
the circle |z| = 1. Then 
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parametrized by z(t) =e”, 0 < t < 27. Using dz = ie“‘dt and the integration 
method in (11) of Section 5.2, we have: 


20 
¢ f(aidz= | (e~7"" + Qie~™ — 1) ie"'dt 
Cc 0 
20 
= if ad +21 - e') dt (22) 
0 


2 
0 


— [-e7" —2t—- e*| 7 — Aq + 02. 


In the last computation we used e~2*’ = e?7* = e? = 1. Now, by comparing 
the results obtained in (22) to (21), we see that the circulation around C is 
—An and the net flux across C is 0. The negative circulation and zero net 
flux are consistent with our geometric analysis in Figure 5.52 for the flow f 


in part (a) of Example 4. 


The analysis of the flow f in part (b) in Example 4 is left as a exercise. 
See Problem 25 in Exercises 5.6. 


EXAMPLE 6 Circulation and Net Flux 


Suppose the velocity field of a fluid flow is f(z) = (1 + %)z. Compute the 
circulation and net flux across C’, where C is the unit circle |z| = 1. 


Solution Since f(z) = (1 —1%)z and z(t) = e”’, 0 < t < 27, we have from 
(21) 


27 20 
¢ f(z)dz= | (1 —i)e~*te* dt = (1+ | dt = 2n + 2ri. 
Cc 0 0 
Thus the circulation around C is 27 and net flux across C is also 27. 


Figure 5.55 Velocity field for 
Example 7 


EXAMPLE 7 Applying the Cauchy-Goursat Theorem 


Suppose the velocity field of a fluid flow is f(z) = tosz. Compute the cir- 
culation and net flux across C, where C’ is the square with vertices z = 1, 
z=t, z=-1, and z= -1. 


Solution We must compute $, f(z) dz = $, Coszdz = $., cos zdz, and then 
take the real and imaginary parts of the integral to find the circulation and 
net flux, respectively. But since the function cos z is analytic everywhere, 
we immediately have bo cos zdz = 0 by the Cauchy-Goursat theorem. The 
circulation and net flux are therefore both 0. 

The velocity field f(z) = tosz and the contour C' are shown in Figure 
5.55. The results just obtained for the circulation and net flux are consistent 


with our earlier discussion in Example 4 about the geometry of flows. 
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| EXAMPLE 8 Circulation and Net Flux 


The complex function f(z) = k/(Z— Zo) where k = a+ib and zo are complex 
constants, gives rise to a flow in the domain defined by z 4 zo. If C is a simple 
closed contour with zo in its interior, then the Cauchy integral formula, (1) 
of Section 5.5, gives 


¢ f(z)dz= ¢ wv dz = 2ni(a — ib) = 2b + 2rai. 
C Cc 


z— 20 


From (21) we see that the circulation around C is Re(27b + 27ai) = 27b and 


the net flux across C' is Im(27b + 2rai) = 27a. 


Note in Example 8, if z) were an exterior point of the region bounded 
by C, then it would follow from the Cauchy-Goursat theorem that both the 
circulation and the next flux are zero. Moreover, when the constant k is real 
(a £0, b= 0), the circulation around C is 0, but the net flux across C is 27k. 
From our earlier discussion in this section, it follows that complex number 
zg is a source for the flow when k > 0 and a sink when & < 0. Velocity 
fields corresponding to these two cases are shown in Figure 5.56. The flow 
illustrated in Figure 5.51 is of the type shown in Figure 5.56(a). 
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Figure 5.56 Two normalized velocity fields 


DGD MOMS IS 3 Answers to selected odd-numbered problems begin on page ANS-17. 


In Problems 1-4, for the given velocity field F(z, y), verify that div F = 0 and 
curl F = 0 in an appropriate domain D. 


1. F(x, y) = (cos 6)i + (sin 09)j, 90 a constant 
2. F(z,y) = —yi- aj 

3. F(z, y) = 2xi+ (3 — 2y)j 

4. F(x,y) 7 u 
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In Problems 5-8, give the complex representation f(z) of the velocity field F(a, y). 


Express the function g(z) = f(z) in terms of the symbol z and verify that g(z) is an 
analytic function in an appropriate domain D. 


5. F(z, y) in Problem 1 6. F(z, y) in Problem 2 
7. F(a, y) in Problem 3 8. F(a, y) in Problem 4 


In Problems 9-12, find the velocity field F(x, y) of the flow of an ideal fluid deter- 
mined by the given analytic function g(z). 
9. g(z)=(1+i)2” 10. g(z) =sinz 


11. g(z) =e" cosy + ie® siny 12. g(z) = 2° — 3ay? +1 (3a7y — y’) 


In Problems 13-16, find a complex velocity potential Q(z) of the complex represen- 
tation f(z) of the indicated velocity field F(x, y). Verify your answer using (17). 
Describe the equipotential lines and the streamlines. 


13. F(x, y) in Problem 1 14. F(z, y) in Problem 2 
15. F(x, y) in Problem 3 16. F(x, y) in Problem 4 


In Problems 17 and 18, the given analytic function Q(z) is a complex velocity 
potential for the flow of an ideal fluid. Find the velocity field F(a, y) of the flow. 


17. Q(z) = Ziz* 18. Q(z) =4Fz4+2 


19. Show that 


xe — y? . 2xLy . 
Pay) 4)(1= pds) 1 greta): A> 


is a velocity field for an ideal fluid in any domain D not containing the origin. 


20. Verify that the analytic function Q(z) = A (: + :) is a complex velocity 
Zz 
potential for the flow whose velocity field F(x, y) is in Problem 19. 


21. (a) Consider the velocity field in Problem 19. Describe the field F(x, y) at a 
point (x, y) far from the origin. 


(b) For the complex velocity potential in Problem 20, how does the observation 
that Q(z) — Az as |z| increases verify your answer to part (a)? 


22. A stagnation point in a fluid flow is a point at which the velocity field 
F(z, y) = 0. Find the stagnation points for: 


(a) the flow in Example 3(a). 
(b) the flow in Problem 19. 


23. For any two real numbers k and 21, the function Q(z) = kLn(z—21) is analytic 
in the upper half-plane and therefore is complex potential for the flow of an 
ideal fluid. The real number x; is a sink when k < 0 and a source for the flow 
when k > 0. 


(a) Show that the streamlines are rays emanating from 21. 


(b) Show that the complex representation f(z) of the velocity field F(x, y) of 
the flow is 
f(2) =k = 


|z—2,|? 


and conclude that the flow is directed toward x; precisely when k < 0. 
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Figure 5.57 Figure for Problem 24 
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24. 


The complex potential Q(z) = kLn(z — 1) — kLn(z +1), k > 0, determines 
the flow of an ideal fluid on the upper half-plane y > 0 with a single source at 
z = 1 anda single sink at z = —1. Show that the streamlines are the family of 
circles x? + (y — c2)? =1+3. See Figure 5.57. 


In Problems 25-30, compute the circulation and net flux for the given flow and the 


indicated closed contour C. 


25. 
26. 
1 a 


28. 
29. 
30. 


f(Z)= = where Cis the circle |z| = 1 
Zz 


f(z) = 2z; where Cis the circle |z| = 1 


; where C'is the circle|z — 1| = 2 


z—l1 


f(z) = Z; where Cis the square with vertices z=0, z=1, z=1+i%, z=1 


x, y) = (4a + 3y)it+ (2x — y)j, where C is the circle x? + y? = 4 


x, y) = (a + 2y)i + (a — y)j, where C is the square with vertices z = 0, 
Ld ea Ot eS 1 44 


[Focus on Concepts| on Concepts 


31. 


32. 


Suppose f(z) = P(x, y)+iQ(a, y) is a complex representation of a velocity field 
F of the flow of an ideal fluid on a simply connected domain D of the complex 
plane. Assume P and Q have continuous partial derivatives throughout D. If C 
is any simple closed curve C' lying within D, show that the circulation around 
C and the net flux across C' are zero. 


The flow described by the velocity field f(z) = (a+ %b)/Z is said to have a 
vortex at z = 0. The geometric nature of the streamlines depends on the 
choice of a and 0b. 


(a) Show that if z(t) = x(t) + ty(t) is the path of a particle in the flow, then 


dx _ ax — by 
dt «v2+y? 
dy _ bu + ay 
dt v2 + y2" 


(b) Rectangular and polar coordinates are related by r? = #?+y?, tan 0 = y/z. 


Use these equations to show that 
dr 1 go dy dd 1 dx, dy 
dt or \ dt Fat)? dt re Pat a) 
(c) Use the equations in parts (a) and (b) to establish that 
dr _a dd _ b 


aor a 

(d) Use the equations in part (c) to conclude that the streamlines of the flow 
are logarithmic spirals r = cet?!” b # 0. Use a graphing utility to verify 
that a particle traverses a path in a counterclockwise direction if and only 
if a < 0, and in a clockwise direction if and only if b < 0. Which of these 
directions corresponds to motion spiraling into the vortex? 


ic; G 
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Figure 5.58 Figure for Problem 14 
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CHAPTER 5 REVIEW QUIZ Answers to selected odd-numbered problems begin 
on page ANS-17. 


In Problems 1—20, answer true or false. If the statement is false, justify your answer 


by either explaining why it is false or giving a counterexample; if the statement is 
true, justify your answer by either proving the statement or citing an appropriate 


result in this chapter. 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 
17. 


18. 


If z(t), a<t <b, is a parametrization of a contour C and z(a) = z(b), then C 
is a simple closed contour. 


The real line integral i (x? + y*) dx + 2ay dy, where C is given by y = x* from 
(0, 0) to (1,1), has the same value on the curve y = «° from (0, 0) to (1,1). 


The sector defined by —7/6 < arg(z) < 7/6 is a simply connected domain. 


. If f is analytic at zo, then f’” necessarily exists at zo. 


. If f is analytic within and on a simple closed contour C' and zo is any point 


within C, then the value of f(zo) is determined by the values of f(z) on C. 


. If f is analytic on a simple closed contour C, then §,, f(z) dz = 0. 


. If f is continuous in a domain D and has an antiderivative F' in D, then an 


integral [, co J (2) dz has the same value on all contours C' in D between the initial 
point zp) and terminal point 2. 


lt bo f(z) dz = 0 for every simple closed contour C, then f is analytic within 


and on C. 


—2 
The value of | *~* dz is the same for any path C' in the right half-plane 


c 2 
Re(z) > 0 between z = 1+ and z= 10+ 8. 


If g is entire, then $ g(2) dz = $ a2) dz, where C is the circle |z| = 3 and 
C1 


cz-1 z—t 
C; is the ellipse x? + sy” =". 


)(z — 21) 


points zo and 2. 


1 
$ ( dz = 0 for every simple closed contour C' that encloses the 
c \2—- 20 


If f is analytic within and on the simple closed contour C' and Zo is a point 


ed ft) f(z) 
within C, th dz = dz. 
thin t en f rs Zz f 


— Zo (z — 20)? 


fo Re (z) dz is independent of the path C between zo = 0 and z1 = 1+i. 


Sq (42° — 2241) dz = i (4° — 2x +1) dx, where the contour C is com- 
prised of segments C; and C2 shown in Figure 5.58. 


Jo, 2" d = Jo, 2” dz for all integers n, where C; is z(t) = e", 0<t< 27 and 
Co is z(t) = Re”, R>1, 0O<t< 2r. 


If f is continuous on the contour C, then f., f(z) dz+f_¢ f(z) dz =0. 


On any contour C' with initial point z9 = —i and terminal point z; = 7 that 
lies in a simply connected domain D not containing the origin or the negative 


real axis, | Sie Ln(i)— Ln(—i) = zi. 
42 


il 
f Pare dz = 0, where C is the ellipse x? + ty? =1. 
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19. If p(z) is a polynomial in z then the function f(z) = 1/p(z) can be never be an 
entire function. 


20. The function f(z) = cos z is entire and not a constant and so must be un- 
bounded. 


In Problems 21-40, try to fill in the blanks without referring back to the text. 

21. 2(t)= ei” 0<t< V2z, is a parametrization for a 

22. z(t) =z +e", 0O<t< 2n, is a parametrization for a 

23. The difference between z(t) =e’, 0< t < 2m and z(t) = e'?7-9, O< t < Qn 
is 

24. $ (Qy+a— 6ix) dz = _______., where C is the triangle with vertices 0, 2, 
ie i, traversed counterclockwise. 


25. If f is a polynomial function and C' is a simple closed contour, then 


f fede =$__. 


26. | zIm(z)dz = _____, where C is given by 2(t) = 2t+ fi, O<t<1. 
o 
27. |z\?dz = _____, where C is the line segment for 1 — i to 1+ i. 
c 
28. $ (2)" dz = ______, where n is an integer and C is z(t) =e", 0<t< 2r. 
o 
29. sin - dz = ______, where C is given by z(t) = 2i+4e"", 0<t< 7/2. 
c 
30. $ sec zdz = _____., where C is |z| = 1. 
o 
1 , 
31. ——— dz = —____.,, where C is |z— 1| = 5. 
c 2(z-1) 
6 +6-2 


32. If f(z) -¢4 pg where C is |z| = 3, then f(1+7) = 
c —2 


33. If f(z) = 2° + e* and C is a contour z = 8e", 0 < t < 2m, then 


ion 
Lazare 


34. If| f(z)| < 2 on the circle |z| = 3, then $ fle)dz| < 
C 
35. If n is a positive integer and C is the contour |z| = 2, then 
$ z "e dz=___. 
o 
: COS Z 
36. On |z| = 1, the contour integral $ — dz equals _________ for n = 1, equals 
c 2 
for n = 2, and equals ______ for n = 3. 
0, ifn — 

37. $ 2 dz = , where n is an integer and C’ is the circle 

C 2ni, ifn 


jz) =1. 
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38. The value of the integral $ a dz on the contour C shown in Figure 5.59 is 
czti 


39. The value of the integral | (2z+1)dz on the contour C, comprised of line 


te 
segments C1, Co, ... , Cir shown in Figure 5.60 is 
40. The value of the integral $ —— dz on the closed contour C’ shown in 
c 22(z— m1) 


Figure 5.61 is 
y 


Figure 5.59 Figure for Problem 38 


(0, 5) Cs (3, 5) 


Figure 5.60 Figure for Problem 39 


<— . 


Figure 5.61 Figure for Problem 40 
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and 
Residues 


6.1. Sequences and Series 

6.2 Taylor Series 

6.3. Laurent Series 

6.4 Zeros and Poles 

6.5 Residues and Residue Theorem 


6.6 Some Consequences of the Residue Theorem 
6.6.1. Evaluation of Real Trigonometric Integrals 
6.6.2 Evaluation of Real Improper Integrals 


6.6.3 Integration along a Branch Cut 


Special contour used in evaluating a 
real integral. See page 362. 


6.6.4 The Argument Principle and Rouché’s Theorem 


6.6.5 Summing Infinite Series 
6.7. Applications 
Chapter 6 Review Quiz 


Introduction Cauchy’s integral formula for 
derivatives indicates that if a function f is ana- 
lytic at a point zo, then it possesses derivatives 
of all orders at that point. As a consequence 
of this result we shall see that f can always 
be expanded in a power series centered at 
that point. On the other hand, if f fails to be 
analytic at 29, we may still be able to expand it 
in a different kind of series known as a Laurent 
series. The notion of Laurent series leads to 
the concept of a residue, and this, in turn, leads 
to yet another way of evaluating complex and, 
in some instances, real integrals. 
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6.1 Sequences and Series 


Much of the theory of complex sequences and series is analogous to that encountered in real 
calculus. 

In this section we explore the definitions of convergence and divergence for complex 
sequences and complex infinite series. In addition, we give some tests for convergence of 
infinite series. You are urged to pay particular attention to what is said about geometric 
series since this type of series will be important in the later sections of this chapter. 


A sequence {z,,} is a function whose domain is the set of 
positive integers and whose range is a subset of the complex numbers C. In 
other words, to each integer n = 1, 2, 3, ... we assign a single complex number 
Zn. For example, the sequence {1 + 7”} is 


tee, De t=4. BH 14%, uu: 
y : f + at } fF (1) 


If lim z, = L, we say the sequence {z,} is convergent. In other words, 


noo 


{Zn} converges to the number L if for each positive real number ¢ an N can 
be found such that |z,, — L| < ¢ whenever n > N. Since | 2, — L| is distance, 
the terms z, of a sequence that converges to LE can be made arbitrarily close 
to L. Put another way, when a sequence {z,,} converges to L, then all but a 
finite number of the terms of the sequence are within every e-neighborhood of 
L. See Figure 6.1. A sequence that is not convergent is said to be divergent. 


x 
| 


Figure 6.1 If {zn} converges to L, all 
but a finite number of terms are in 


every ¢-neighborhood of L. 


The sequence {1+ %”} illustrated in (1) is divergent since the general term 
Zn = 1 +7” does not approach a fixed complex number as n — oo. Indeed, 
you should verify that the first four terms of this sequence repeat endlessly as 
nm increases. 


i | EXAMPLE 1 A Convergent Sequence 
Z n+1 n+l 
1 1 The sequence {=} converges since lim —— = 0. As we see from 
5 3 n n—co n 
x 
-1 
y 14 1 
1, 99° 4? 7 ) 
; 2°3°4° 5 
“2 


and Figure 6.2, the terms of the sequence, marked by colored dots in the 


Figure 6.2 The terms of the sequence figure, spiral in toward the point z = 0 as n increases. 


{i7+!/n} spiral in toward 0. 


The following theorem for sequences is the analogue of Theorem 2.1 in 
Section 2.6. 
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Theorem 6.1. Criterion for Convergence 


A sequence {z,,} converges to a complex number L = a+ ib if and only if 
Re(z,,) converges to Re(L) = a and Im(z,,) converges to Im(L) = b. 


EXAMPLE 2 Illustrating Theorem 6.1 


3 : 
Consider the sequence { = = \ From 
n+ 2na 


34+ni (34+ ni)(n — 2ni) an? + 3n | n? —6n 
= i 


cae +2ni n2 + An? 5n2 5n2 
we see that 
In?+3n 2. 8 2 
Ri i = t 
(Zn) 5ne 5 in 5 
2_6 1 6 iL 
and Im(Zn) = 7 = > 


5n? 5 on 


as n — oo. From Theorem 6.1, the last results are sufficient for us to conclude 


that the given sequence converges to a + ib = 2 + 4i. 


siete) An infinite series or series of complex numbers 


Co 
So ze = zit 22+ 23+ tanto 
k=1 


is convergent if the sequence of partial sums {S,,}, where 
Sn = 21+ 22+ 23++::+2n 


converges. If S;, — L as n — ov, we say that the series converges to L or that 
the sum of the series is L. 


[@r-feyanlcinwlemetsyeie-§ A geometric series is any series of the form 


co 
So az! =ataztar?++--+az" 14-0. (2) 
Ean 


For (2), the nth term of the sequence of partial sums is 


Sn =a+az+az? +-+++a2""1. (3) 
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You should remember (6) and (7). 
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When an infinite series is a geometric series, it is always possible to find a 
formula for S,,. To demonstrate why this is so, we multiply S,, in (3) by z, 


2 
2S, =aztazr-+az2+---+az 


and subtract this result from $,,. All terms cancel except the first term in S, 
and the last term in zS,,: 


Sn — 28n = (a Faz+taz?+---4 ae") 
(az bar og? oop ge "4 az”) 
=a-—az” 


or (1 — z)S, = a(1 — 2"). Solving the last equation for S,, gives us 


1 _ zi) 


al 


Now z” — 0 as n > oo whenever |z| < 1, and so S, — a/(1— z). In other 
words, for |z| < 1 the sum of a geometric series (2) is a/(1— z): 


a 
l-z 


=ataztaz*+---taz™14+--.. (5) 


A geometric series (2) diverges when |z| > 1. 


SJOrIMerceicanulemelsetem We next present several immediate de- 
ductions from (4) and (5) that will be particularly helpful in the two sections 
that follow. If we set a = 1, the equality in (5) is 


= lege? +29 4+--, (6) 


l-z 


If we then replace the symbol z by —z in (6), we get a similar result 


if 
art eae ee ae (7) 


Like (5), the equality in (7) is valid for |z| < 1 since |—z| = |z|. Now with 
a = 1, (4) gives us the sum of the first n terms of the series in (6): 


PEP st ho Ped et 
1l-z 
. . . 1-2” 1 —2” 
If we rewrite the left side of the above equation as = ; 
1l-<z l-z 1l-—z 
we obtain an alternative form 
1 nm 
pater ee 4 pee (8) 


that will be put to use in proving the two principal theorems of this chapter. 
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EXAMPLE 3 Convergent Geometric Series 
The infinite series 


“(1+ 28)* 1424 (1424)? (1+2%)° 
pS 5k ge pe 


is a geometric series. It has the form given in (2) with a = 3(1 + 2i) and 
z = ¢(1+ 2%). Since |z| = V5/5 <1, the series is convergent and its sum is 
given by (5): 


1+2i 
oe 5 _ 1+ _ it, 

= = 7 = Gi. 
— 5 1-444 A-2% 2 


es 


We turn now to some important theorems about convergence and di- 
vergence of an infinite series. You should have seen the analogues of these 
theorems in a course in elementary calculus. 


Theorem 6.2. A Necessary Condition for Convergence 


If oP, 2m converges, then lim zp, = 0. 
n— Ooo 


Proof Let L denote the sum of the series. Then S,, - L and S,_, — L as 
n — co. By taking the limit of both sides of S, — S,_1 = Zn as n — oo we 
obtain the desired conclusion. ESN 


Vk imeem DI hucusxeneaem The contrapositive* of the proposition in 


Theorem 6.2 is the familiar nth term test for divergence of an infinite series. 


Theorem 6.3. The nth Term Test for Divergence 


If lim z, #0, then )\7-, zx diverges. 
n—- co 


For example, the series °%, (ik+5)/k diverges since z, = 
(in +5)/n +i #0 as n — oo. The geometric series (2) diverges if |z| > 1 
because even in the case when lim... |z”| exists, the limit is not zero. 


*See the footnote on page 154. 
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Definition 6.1 Absolute and Conditional Convergence 


An infinite series }77°, z, is said to be absolutely convergent if 


yr, lee] converges. An infinite series }77°, z, is said to be condi- 


tionally convergent if it converges but S77—, |zz| diverges. 


co 
In elementary calculus a real series of the form > = is called a p-series 
k=1 
and converges for p > 1 and diverges for p < 1. We use this well-known result 
in the next example. 


EXAMPLE 4 Absolute Convergence 


-k , | ak 
wow owe fe |. 
The series > ps absolutely convergent since the series }> pls the same 
k=1 8" k=1 |" 


co 1 
as the real convergent p-series )~ BR Here we identify p= 2 > 1. 
k=1 


As in real calculus: 
Absolute convergence implies convergence. 


See Problem 47 in Exercises 6.1. We are able to conclude that the series in 
Example 4, 


ae ee 
a i= oo ag 
k=1 
converges because it is was shown to be absolutely convergent. 


sXe comm @reyeaveuxeecs § Two of the most frequently used tests for 


convergence of infinite series are given in the next theorems. 


Theorem 6.4 Ratio Test 


Suppose )°7~_, zp is a series of nonzero complex terms such that 


; zn+1 
lim |——| = L. 
n—00 2 


(i) If L <1, then the series converges absolutely. 
(i) If L > 1 or L =, then the series diverges. 


(iit) If L = 1, the test is inconclusive. 


lz-zgl =R 


convergence 


ce 
R 


NS 


divergence 
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Theorem 6.5 Root Test 


Suppose 7 4 Zp 1S a series of complex terms such that 


(<) If L <1, then the series converges absolutely. 
(ii) If L > 1 or L = ~w, then the series diverges. 


(iii) If L = 1, the test is inconclusive. 


We are interested primarily in applying the tests in Theorems 6.4 and 6.5 
to power series. 


The notion of a power series is important in the study 


of analytic functions. An infinite series of the form 
S| ax(z — 20)* = ag + ai(z— 29) + aa(z — 29)? +-*-, (11) 


where the coefficients a, are complex constants, is called a power series in 
z— 2g. The power series (11) is said to be centered at Zo; the complex point 
zo is referred to as the center of the series. In (11) it is also convenient to 
define (z — zo)° = 1 even when z = 29. 


(Oikelemeym@eyayouxcatees § Every complex power series (11) has a ra- 


dius of convergence. Analogous to the concept of an interval of convergence 
for real power series, a complex power series (11) has a circle of conver- 
gence, which is the circle centered at zo of largest radius R > 0 for which 
(11) converges at every point within the circle |z — zo] = R. A power series 
converges absolutely at all points z within its circle of convergence, that is, 
for all z satisfying |z — zo| < R, and diverges at all points z exterior to the 
circle, that is, for all z satisfying |z — zo| > R. The radius of convergence can 
be: 


(i) R =0 (in which case (11) converges only at its center z = zo), 


(ii) R a finite positive number (in which case (11) converges at all interior 
points of the circle |z — zo| = R), or 


: (tii) R =o (in which case (11) converges for all z). 
Figure 6.3 No general statement con- 


cerning convergence at points on the 
A power series may converge at some, all, or at none of the points on the 


actual circle of convergence. See Figure 6.3 and the next example. 


circle |z — zo0| = R can be made. 
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EXAMPLE 5 Circle of Convergence 


co yk+1 
Consider the power series )~ a By the ratio test (9), 
k=1 
yntr2 
: +1 = 
pate gntl = _ n+1 |2| = lz! 
n 


Thus the series converges absolutely for |z| < 1. The circle of convergence 


is |z| = 1 and the radius of convergence is R = 1. Note that on the circle 


‘ . 1 
of convergence |z| = 1, the series does not converge absolutely since }77-., = 


is the well-known divergent harmonic series. Bear in mind this does not say 


that the series diverges on the circle of convergence. In fact, at z = —1, 
_—1)Ft+1 
pee, a is the convergent alternating harmonic series. Indeed, it can 


be shown that the series converges at all points on the circle |z| = 1 except at 
Z= 1, 


It should be clear from Theorem 6.4 and Example 5 that for a power series 
pep Gk (2 — 20)", the limit (9) depends only on the coefficients a,. Thus, if 


n : : 1 
(i) lim mils ee # 0, the radius of convergence is R = z (12) 
n—0oo| An 
(ii) lim mio 0, the radius of convergence is R = 00; (13) 
n—0oo| An 
(ii) lim mi oo, the radius of convergence is R = 0. (14) 


n—Co an 


Similar conclusions can be made for the root test (10) by utilizing 
lim V/|an!. (15) 


For example, if limnoo V/|dn| = L #0, then R= 1/L. 


EXAMPLE 6 Radius of Convergence 


Consider the power series x ile (z —1-—1)*. With the identification 
an = (—1)"t1 /n! we have = . 
(yn? 
jim DT = im = 
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Hence by (13) the radius of convergence is oo; the power series with center 


zo = 1+i converges absolutely for all z, that is, for |z —1—1%| < c. 


EXAMPLE 7 Radius of Convergence 


Consid I th pow r series lias 2a. ith a — ' ‘i > the 
e e 2 W a 
7 k Qk = 5 an = 5 


root test in the form (15) gives 


lim ¥/ |a,| = lim aia he = 3. 


n— oo noo 2n-4 


By reasoning similar to that leading to (12), we conclude that the radius of 
convergence of the series is R = z. The circle of convergence is |z — 22| = 3; 


the power series converges absolutely for |z — 2i| < z. 


MMAXsMOAWOKdahanlateOlaN meniciamelsutsm On occasion it may be to our 


advantage to perform certain arithmetic operations on one or more power 
series. Although it would take us too far afield to delve into properties of 
power series in a formal manner (stating and proving theorems), it will be 
helpful at points in this chapter to know what we can (or cannot) do to power 
series. So here are some facts. 


e A power series )>7° 9 ax(z — Zo)* can be multiplied by a nonzero complex 
constant c without affecting its convergence or divergence. 


e A power series }>?° 9 ax(z — 20)" converges absolutely within its circle 
of convergence. As a consequence, within the circle of convergence the 
terms of the series can be rearranged and the rearranged series has the 
same sum I as the original series. 


e Two power series yp ax (2 — zo)" and S77°.9 be(z — 20)* can be added 
and subtracted by adding or subtracting like terms. In symbols: 


CO 


Os an(z — 20)" + i by, (z — 20)* = eek (ax + bx) (z — 20)*. 


If both series have the same nonzero radius R of convergence, the radius 
of convergence of S77" 9 (a% = bx)(z — 20)" is R. It should make intuitive 
sense that if one series has radius of convergence r > 0 and the other 
has radius of convergence R > 0, where r 4 R, then the radius of con- 
vergence of 77-9 (ax + bx)(z — 20)* is the smaller of the two numbers 
rand R. 


e Two power series can (with care) be multiplied and divided. 
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(i) If 2, = ay, + ib, then the nth term of the sequence of par- 
tial sums for }>7°., 2 can be written S, = )>;_)(ax+ib,) = 
pe Gk + 1) jp, bg. Analogous to Theorem 6.2, 07°, 2% converges 
to a number L = a+ib if and only if Re(S,,) = )\;_, @% converges to 
a and Im(S;,) = )>¢_, bx converges to b. See Problem 35 in Exercise 
One 


(i) When written in terms of summation notation, a geometric series 
may not be immediately recognizable as equivalent to (2). In sum- 


mation notation a geometric series need not start at k = 1 nor 
does the general term have to appear precisely as az*~!. At first 
sk+2 


glance es 40 an does not appear to match the general form 


7, a2" lof a geometric series. However by writing out three 
terms, 


a az az 


CO ERS 
2 e 6 o 


eas i i 
Ee — Ue le Ue 
k=3 


we are able make the identifications a = 40 (i°/2?) and z = i/2 on 
the right-hand side of the equality. Since |z| = 4 < 1 the sum of the 
series is given by (5): 


e 
k+2 40— 
1 22 
y =i ; re 4+ 82 
k=3 3 


(iii) Although we have not proved it, it bears repeating: A power series 
Lo an(z — 20)", z # 20, always possesses a radius of convergence 
R that is either positive or co. We have seen in the discussion prior 
to Example 6 that the ratio and root tests lead to 


il 
and == lim V/Ja,| 
Rn 


assuming the appropriate limit exists. Since these formulas depend 
only on the coefficients, it is easy to make up examples where neither 
Hits, 0G ii ay | Ow limiy= 6, lawl’ ” exist. What is R if neither of 
these limits exist? See Problems 45 and 46 in Exercises 6.1. 


DDG DSO Dey (| Answers to selected odd-numbered problems begin on page ANS-18. 


In Problems 1-4, write out the first five terms of the given sequence. 
1. {527} 2. {2+ (-i)"} 
3. {1+e"} 4. {(1+%)"} [Hint: Write in polar form.] 


An+1 
an 


= = him 


n— co 
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In Problems 5-10, determine whether the given sequence converges or diverges. 
5. 3ni + e 6. nO: 2 
n+ ni 3ni + 5” 
: 2 ayn 
- a \ ea { i i 
nt n+1 


9. {=} 10. {el/" +2 (tan? nit 


In Problems 11 and 12, show that the given sequence {zn} converges to a complex 
number L by computing lim, Re(z,) and lim, Im(zn). 


fi: {ae} 1a {(+#) \ 
2n+1 4 


In Problems 13 and 14, use the sequence of partial sums to show that the given 


series is convergent. 
a 


1 co 
a3 Sls ae ae 2 Meth) 


In Problems 15-20, determine whether the given geometric series is convergent or 
divergent. If convergent, find its sum. 


15. " (1—a)* 
k=0 


ur. * BC) | 
9. S3(s5) 


— 

> 
Ma 

& 


> 
ll 
ran 


— 
Qo 
row 
i8 
Nle 
i 
s 


No 
2 
iM 


9 (1+i)*- 


In Problems 21-30, find the circle and radius of convergence of the given power 


series. 
911. a 29, 
kao (1 — 24)" +7 ey Zk Cee) : 
Sr a as 1 
23. Py Poy (2-1-1) 24. UR 344i)" = (z+ 3i)* 
25. do (143¢)*(z —1)* 26. > > 
k=0 k=1 k 
2 (zg —4—3i)* 2 ee ae 
ty 28. >> (-1) (z + 2i) 
k=0 528 k=0 2 
= (2k)! 2h SK! oak 
29. (gai 30. Zz 
2 +2 Re? 2 PHF 
(z—i)* 


31. Show that the power series x 
ka. 2k 


of convergence. Determine at least one point on the circle of convergence at 


is not absolutely convergent on its circle 


which the power series is convergent. 


co yk 

32. Show that the power series )> ya converges at every point on its circle of 
k= 
convergence. : 

33. Reread Theorem 6.3. What conclusion can be drawn, if any, when 


limn—co |2n| 4 0? 
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34. Show that the power series }77~_, kz* diverges at every point on its circle of 
convergence. 


35. By considering the series }> 7° 4 rv? 0 <r <1, show that 


ir 1—rcosé a rsin@ 
k ae 
kO = d k0 = . 
ay bis 1 — 2rcos6 + r? ae = oe 1 — 2rcos6 + r? 


Focus on Concepts 


36. Suppose {zn + wn} converges. Discuss: Does it follow that at least one of the 
sequences {z,} or {wn} converges? 


37. A sequence {z,,} is said to be bounded if the set S' consisting of its terms is a 
bounded set (see Section 1.5). The sequence in Example 1 is bounded. 


(a) Prove that the sequence in Example 2 is bounded. 


(b) Give another example of a sequence consisting of complex terms that is 
bounded. 


(c) Give an example of a sequence consisting of complex terms that is un- 
bounded. 


38. Discuss: Is every convergent sequence {z,} bounded? (See Problem 37.) 


Is every bounded sequence convergent? Defend your answers with sound math- 
ematics. 


39. Does the sequence Saige where i!/” denotes the principal nth root of i, con- 


verge? 


40. We saw that the equality in (6) was valid for |z| < 1. Show that 


and give the values of z for which the equality is valid. 


41. Consider (6) with the symbol z replaced by e’*: 


1 — pt2 | 2272 | 
I eiz e re re pee 


Give the region in the complex plane for which the foregoing series converges. 
co fz—1\* 
42. Sketch the region in the complex plane for which S> (3) converges. 
k=0 \* 


43. Consider the power series )>7° ax(z — 1+ 2i)*. Discuss: Can the series con- 
verge at —3+i and diverge at 5 — 3i? 


44. Use a sketch in the complex plane that illustrates the validity of each of the 
following theorems: 
(4) If a power series centered at zo converges at z, # zo, then the series 
converges for every z for which |z — zo| < |z1 — Zo]. 


(ii) If a power series centered at zo diverges at z2, then the series diverges for 
every z for which |z — zo| > |z2 — zo]. 
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45. Consider the power series f(z) = 772.9 axz" where 


2*, k=0,2,4,... 


ak = 1 
ve B=1,3,5,.... 


a) Show that neither lim |ans1/an| nor limp... |an|'/” exist. 
(a) + 
n—oo 


(b) Find the radius of convergence of each power series: 


co 


fil(z) = » aha and f2(z) = s. a y2kth 


k=0 k=0 


(c) Verify that f(z) = fi(z) + fe(z). Discuss: How can the radius of conver- 
gence R for the original power series be found from the foregoing observa- 
tion? What is R? 


46. Proceed as in Problem 45 to find the radius of convergence R for the power 
series 


L4 32427 42723 + 24 424322 + 28 +. 


47. In this problem you are guided through the proof of the proposition: 


If the series S7°_, zm converges absolutely, then the series converges. 


Proof We begin with the hypothesis that )77-_, |zx| converges. If zx = ax+ibr, 
then 0°. |ax| < OP, Vag + OF = OP, lee. 


(a) First, explain why the foregoing inequality is true. Second, explain why 
this inequality shows that the series }77-_, | ax| converges. 


(b) Explain how your reasoning in part (a) also shows that SP, | be| 
converges. 


(c) Explain how parts (a) and (b) show that 577°, z% converges. 


6.2 Taylor Series 


The correspondence between a complex number z within the circle of convergence and 
the number to which the series )>7° 9 ax(z — z0)* converges is single-valued. In this sense, 
a power series defines or represents a function f; for a specified z within the circle of 
convergence, the number L to which the power series converges is defined to be the value of 
f at z, that is, f(z) = L. In this section we present some important facts about the nature 
of this function f. 

In the preceding section we saw that every power series has a radius of conver- 
gence R. Throughout the discussion in this section we will assume that a power series 
ro @n(z — 20)* has either a positive or an infinite radius R of convergence. 


Differentiation and Integration of Power Series Jgiaaanxes 


theorems that follow indicate a function f that is defined by a power series is 
continuous, differentiable, and integrable within its circle of convergence. 
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Theorem 6.6 Continuity 


A power series 07° 9 axn(z— zo)" represents a continuous function f 
within its circle of convergence | z — zo| = R. 


Theorem 6.7. Term-by-Term Differentiation 


A power series 7?) ax%(z— 20)" can be differentiated term by term 
within its circle of convergence |z — zo| = R. 


Differentiating a power series term-by-term gives, 


d [o-e) lo ) d co 
als az(z — 2)" = azz — z)* = So ank(z = z)"4. 
k=0 k=0 k=1 


Note that the summation index in the last series starts with k = 1 because 
the term corresponding to k = 0 is zero. It is readily proved by the ratio test 
that the original series and the differentiated series, 


Se a;,(z — zo)" and > a,k(z — zy)*-! 
k=0 k=1 


have the same circle of convergence | z— zo| = R. Since the derivative of 
. . . . co k 
a power series is another power series, the first series )7;~, @x(z — zo)” can 
be differentiated as many times as we wish. In other words, it follows as a 
Important w= corollary to Theorem 6.7 that a power series defines an infinitely differentiable 
function within its circle of convergence and each differentiated series has the 
same radius of convergence R as the original power series. 


Theorem 6.8 Term-by-Term Integration 


A power series )> 7° 9 ax(z — zo)* can be integrated term-by-term within 
its circle of convergence | z— z)| = R, for every contour C lying entirely 
within the circle of convergence. 


The theorem states that 


[Sale aolfde= Yan f (2 ~ zo) de 


k=0 


whenever C lies in the interior of | z — zo| = R. Indefinite integration can also 
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be carried out term by term: 


pe ay,(z — 2)*dz = ‘> Gk / (2 — 2)" dz 
k=0 k=0 
= »S; = (z — zo)**+ + constant. 
er 


The ratio test given in Theorem 6.4 can be used to be prove that both 


ee) ee) ay ea 
S| ay(2 — 29) and > ———(z — 2) 
k=0 ara 


have the same circle of convergence | z — z9| = R. 


AM alee sluts) Suppose a power series represents a function f within 
|z— zo| = R, that is, 


f(z) = S 0 ax(z — %)* = ao + ai(z— 29) + a2(2— 29)? +a3(z—zy)?+-:-. (4) 
k=0 


It follows from Theorem 6.7 that the derivatives of f are the series 


f@= So agk(z — zo)" = ay + 2a9q(z — zo) + 3a3(z— 29)? +--+, (2) 
k=1 

f(z) = So agk(k —1)(z — 20)*-? = 2- lag + 3+ 2a3(z— 2) +--+, (3) 
k=2 

f'" (2) = So agk(k — 1) (k = 2) (2 — 20)8- 8 =3-2- lag +e, (4) 
k=3 


and so on. Since the power series (1) represents a differentiable function f 
Important wae Within its circle of convergence | z—zo| = R, where R is either a positive 
number or infinity, we conclude that a power series represents an analytic 
function within its circle of convergence. 
There is a relationship between the coefficients a, in (1) and the deriva- 
tives of f. Evaluating (1), (2), (3), and (4) at z = zp gives 


f (20) = 0, f'(2o) = Vai, f" (20) = 2!az, and f’”(z) = 3lasz, 
respectively. In general, f‘")(z9) =n! an, or 


f™ (20) 


n! 


,n>0. (5) 


an = 


When n = 0 in (5), we interpret the zero-order derivative as f(zo) and 0! = 1 
so that the formula gives ag = f(zo). Substituting (5) into (1) yields 


22 #(k) (4 
fe) = ea (6) 
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Figure 6.4 Contour for the proof of 
Theorem 6.9 
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This series is called the Taylor series for f centered at zo. A Taylor series 
with center z) = 0, 


F(R) 
f= Oo, (7 


k=0 


is referred to as a Maclaurin series. 
We have just seen that a power series with a nonzero radius R of conver- 
gence represents an analytic function. On the other hand we ask: 


Question 


If we are given a function f that is analytic in some domain D, can we 
represent it by a power series of the form (6) or (7)? 


Since a power series converges in a circular domain, and a domain D is gen- 
erally not circular, the question comes down to: Can we expand f in one or 
more power series that are valid—that is, a power series that converges at 
z and the number to which the series converges is f(z)—in circular domains 
that are all contained in D? The question is answered in the affirmative by 
the next theorem. 


Theorem 6.9 Taylor’s Theorem 


Let f be analytic within a domain D and let z be a point in D. Then f 
has the series representation 


(8) 


valid for the largest circle C with center at zo and radius R that lies 
entirely within D. 


Proof Let z be a fixed point within the circle C and let s denote the variable 
of integration. The circle C is then described by |s — zo| = R. See Figure 6.4. 
To begin, we use the Cauchy integral formula to obtain the value of f at z: 


_ 1 FS) 52. f(s) 
f(2j= ds face ds 


Qni Jos—z 9 Qn ) — (2 — 20) 


| 
i) 
ype 
>. 
oe 
— 
oH 
Sb 
ae 
x | 
fas) 
~ 
ee 
Xu 
| 
& 
oO 
Q 
H 
— 
Ro) 
cast 
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By replacing z by (z — zo)/(s — 20) in (8) of Section 6.1, we have 


ik zZ— 2 zZ— 2 . zZ— 20 noe (z — z0)” 
=14 | bees | 0 
(- 8 — 2 8 — 2 8 — 29 (s — z)(s8 — zo)”— 
S— 20 


and so (9) becomes 


fia A aes saa fits ds 


271 Jo 8 — 2% 271 $— 2)? 
(z— 2)? f(s) cag AO f(s) : 
271 ¢ (s— ae QT £ (s— PA an) 


Utilizing Cauchy’s integral formula for derivatives, (6) of Section 5.5, we can 
rewrite (10) as 


"iy Moy (n-1) Zz 
Fle) = $0) + EP 20) + Fe = a? oe LON Ge say + Rule), (1) 
. ay ea" fi), 
vanes Rn(2) Qi ¢ (s — z)(s — zo)” ue 


Equation (11) is called Taylor’s formula with remainder R,. We now wish to 
show that the R,,(z) + 0 as n > oo. This can be accomplished by showing 
that | R,(z)| > 0 as n > oo. Since f is analytic in D, by Theorem 5.16 we 
know that |f(z)| has a maximum value M on the contour C. In addition, 
since z is inside C, |z — z9| < R and, consequently, 


|s — z| = |s — 20 — (2 — 20)| = |s — 20] —|2 — zo] = R-d, 


where d = |z — Z| is the distance from z to zo. The ML-inequality then gives 


_ | @— 2%)" f(s) d” M _ MR (d\" 
|a(2)|=| SP" f is] Mom = ME 8)", 


Because d < R, (d/R)" — 0 as n — co we conclude that | R,(z)| — 0 as 
n — oo. It follows that the infinite series 


Flan) + £02 — ag) + LG 


SOM = a9) te 


2) 
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converges to f(z). In other words, the result in (8) is valid for any point z 
interior to C. 


We can find the radius of convergence of a Taylor series in exactly the same 
manner illustrated in Examples 5-7 of the preceding section. However, we can 
Note og simplify matters even further by noting that the radius of convergence R is the 
distance from the center zo of the series to the nearest isolated singularity 
of f. We shall elaborate more on this concept in the next section, but an 
isolated singularity is a point at which f fails to be analytic but is, nonetheless, 
analytic at all other points throughout some neighborhood of the point. For 
example, z = 57 is an isolated singularity of f(z) = 1/(z—5i). If the function 
f is entire, then the radius of convergence of a Taylor series centered at any 
point zo is necessarily R = oo. Using (8) and the last fact, we can say that 
the following Maclaurin series representations are valid for all z, that is, for 
|z| < oo. 


Some Important Maclaurin Series 


‘ z vee zk 
ty apt ag (12) 
ci 
2 2? eS) yekrl 
Se 13 
eee tea d|  Rk+ I)! a) 
2? 4 ee) ek 
== jl = he 14 
es ata 2 | "Rhy oo 


| EXAMPLE 1 Radius of Convergence 


Suppose the function f(z) = is expanded in a Taylor series with 


—1 
l-i+z 
center zo = 4— 2%. What is its radius of convergence R? 


Solution Observe that the function is analytic at every point except at 
z = —1+41, which is an isolated singularity of f. The distance from z = —1+% 
to z = 4 — 27 is 


|z — zo| = V(—1 — 4)? + (1 — (—2))? = V'34. 


This last number is the radius of convergence R for the Taylor series centered 


at 4 — 22. 
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If two power series with center 20, 


S © an(2 — 20)* and S be (z — 20)* 
k=0 k=0 


represent the same function f and have the same nonzero radius R of conver- 
gence, then 


f(z) 


a B= 01,2)... 


An= bp = 


Stated in another way, the power series expansion of a function, with center 
Note: Generally, the formula in (8) pS 2g, is unique. On a practical level this means that a power series expansion 
is used as a last resort. of an analytic function f centered at zo, irrespective of the method used to 
obtain it, is the Taylor series expansion of the function. For example, we can 
obtain (14) by simply differentiating (13) term by term. The Maclaurin series 
for e* can be obtained by replacing the symbol z in (12) by 2. 


| EXAMPLE 2 Maclaurin Series 
1 


Find the Maclaurin expansion of f(z) = Gnas 
—2 


Solution We could, of course, begin by computing the coefficients using (8). 
However, recall from (6) of Section 6.1 that for |z| <1, 


=l+zt2?tz3+---, (15) 


If we differentiate both sides of the last result with respect to z, then 


a@ 4. #@., 8,04, 0 2, 
dzl—z dz dz dz U de 
1 loc) 
or =0414+224324+--=) k2*". (16) 
a- > 


Since we are using Theorem 6.7, the radius of convergence of the last power 


series is the same as the original series, R = 1. 


We can often build on results such as (16). For example, if we want the 


Maclaurin expansion of f(z) = 5, we simply multiply (16) by zg: 


(2) 


a taal t 224 4+ 325 4 pia Re, 
—2z 


The radius of convergence of the last series is still R = 1. 
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| EXAMPLE 3 Taylor Series 
Expand f(z) = 


1 
7 in a Taylor series with center zo = 27. 
—2z 


Solution In this solution we again use the geometric series (15). By adding 
and subtracting 2i in the denominator of 1/(1 — z), we can write 


1 1 _ 1 oe 1 
L-z l-z+2-2 1-2-(z2-21) 1-2, _ 27% 
1—2i 
We now write <7 aS a power series by using (15) with the symbol z 
_ 
1—2i 
. 2-28 
replaced by the expression 1-3: 
— 2 
1 1 z-2  (z-—2% _ z—-2i\3 
l-z 1-2i 1-2 \1-2i) © \1-2i) © 
or 
1 1 1 1 1 
= 2i) 4 i)? — 2)? +-+-. (17 
lz imi G29" a aaa? + Gray’ i’ + (17) 


Because the distance from the center zo = 2% to the nearest singularity z = 1 
is V5, we conclude that the circle of convergence for (17) is |z — 2i| = V5. 


y This can be verified by the ratio test of the preceding section. 
Iz-2il =\5 


In (15) and (17) we represented the same function f(z) = 1/(1 — z) by 
two different power series. The first series (15) has center zo = 0 and radius 
of convergence R = 1. The second series (17) has center z9 = 2i and radius of 
convergence R = 5. The two different circles of convergence are illustrated 


in Figure 6.5. The interior of the intersection of the two circles, shown in 
a> : color, is the region where both series converge; in other words, at a specified 


point z* in this region, both series converge to same value f(z*) = 1/(1—2*). 


baie Outside the colored region at least one of the two series must diverge. 


Figure 6.5 Series (15) and (17) both 


converge in the shaded region. Remarks Comparison with Real Analysis 


(i) As a consequence of Theorem 5.11, we know that an analytic function 
f is infinitely differentiable. As a consequence of Theorem 6.9, we 
know that an analytic function f can always be expanded in a power 
series with a nonzero radius R of convergence. In real analysis, a 
function f can be infinitely differentiable, but it may be impossible 
to represent it by a power series. See Problem 51 in Exercises 6.2. 
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(i) If you haven’t already noticed, the results in (6), (7), (12), (13), 
and (14) are identical in form with their analogues in elementary 
calculus. 


DDG TOUS DS PY Answers to selected odd-numbered problems begin on page ANS-18. 


In Problems 1-12, use known results to expand the given function in a Maclaurin 
series. Give the radius of convergence R of each series. 


L. fe)= 7s .()=—— 
3. (2) = aya 4. f= G5 
5. f(z) =e 6. f(z) =2e" 
f(z) = sinh z 8. f(z) =coshz 
9. fiZ= cos 10. f(z) =sin3z 
11. f(z) =sinz? 12. f(z) = cos? z [Hint: Use a trigono- 


metric identity.] 


In Problems 13 and 14, use the Maclaurin series for e* to expand the given function 
in a Taylor series centered at the indicated point zo. [Hint: z = z — zo + z0.] 


13. f(z) =e’, 2 =3i 14. f(z) =(z-1)e"*”, 2 =1 


In Problems 15-22, expand the given function in a Taylor series centered at the 
indicated point zo. Give the radius of convergence R of each series. 


1 1 
15. fa=-s, z=l1 16. fZ=—7, Zz =1+41, 
17. f(z)= : Zo = 2i 18. f(z)= : zo = —-1 
. TF? Oo = . a = ’ 
19 f= 2, j= 20 fy= it, wai 
21. f(z) =cosz, z= 7/4 22. f(z) =sinz, 2 = 7/2 


In Problems 23 and 24, use (7) find the first three nonzero terms of the Maclaurin 


series of the given function. 


23. f(z) = tanz 24. f(z) =e) 


In Problems 25 and 26, use partial fractions as an aid in obtaining the Maclaurin 
series for the given function. Give the radius of convergence R of the series. 


i z—T 
25. = 26. =~ 
eh al Er eT) f@)= waa 3 
In Problems 27 and 28, without actually expanding, determine the radius of conver- 
gence R of the Taylor series of the given function centered at the indicated point. 


27. f(z)= = =, 2 =24+ 5% 28. f(z) =cotz, zo = Ti 
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29. What is the radius of convergence R of the Maclaurin series in Problem 23? 


30. What is the radius of convergence R of the Maclaurin series in Problem 24? 


In Problems 31 and 32, expand the given function in Taylor series centered at each 
of the indicated points. Give the radius of convergence R of each series. Sketch the 
region within which both series converge. 


1 1 
31. f2) = 575 = 1, z=1 32. fla) =-, z =1+%, 2%=3 


In Problems 33 and 34, use results obtained in this section to find the sum of the 
given power series. 


33. >> 3%" 34. OT 
k=0 k=0 k! 


35. Find the Maclaurin series (14) by differentiating the Maclaurin series (13). 


36. The error function erf(z) is defined by the integral erf(z) = = | et dt. 
TSO 


2 
Find a Maclaurin series for erf(z) by integrating the Maclaurin series for e~! 


In Problems 37 and 38, approximate the value of the given expression using the 
indicated number of terms of a Maclaurin series. 


; 1+i 
37. e(t+i)/10 | three terms 38. sin (444), two terms 


[Focus on Concepts| on Concepts 


39. Every function f has a domain of definition. Describe in words the domain of 
the function f defined by a power series center at Zo. 


40. If f(z) = Ry anz® and g(z) = Ry bez" then the Cauchy product of f 
and g is given by 


n=0 


[ove] k 
flz)g(z) = » cre” where cr = >: Anbk—n- 
k=0 


Write out the first five terms of the power series of f(z)g(z). 


41. Use Problem 40, (12) of this section, and (6) from Section 6.1 to find the first 
four nonzero terms of the Maclaurin series of e*/(1— z). What is the radius of 
convergence R of the series? 


42. Use Problem 40, and (13) and (14) of this section to find the first four nonzero 
terms of the Maclaurin series of sin z cos z. Can you think of another way to 
obtain this series? 


43. The function f(z) = sec z is analytic at z = 0 and hence possesses a Maclau- 
rin series representation. We could, of course, use (7), but there are several 
alternative ways of obtain the coefficients of the series 


2 
secz =ag +a1z+ a2z tagz>te--. 
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44. 


45. 


46. 


AT. 


48. 


49. 


50. 


One way is to equate coefficients on both sides of the identity 1 = (sec z) cos z 
or 


2 4 6 
2 z z Z 
1 = (ap + a2 + aaz page? ++) (1 aaa 


Find the first three nonzero terms of the Maclaurin series of f. What is the 
radius of convergence F of the series? 


(a) Use the definition f(z) = secz = 1/cosz and long division to obtain the 
first three nonzero terms of the Maclaurin series in Problem 43. 


(b) Use f(z) = cscz = 1/sinz and long division to obtain the first three 
nonzero terms of an infinite series. Is this series a Maclaurin series? 


Suppose that a complex function f is analytic in a domain D that contains 
zo =O and f satisfies f/(z) = 4z + f?(z). Suppose further that f(0) = 1. 


(a) Compute f'(0), f”(0), f”"(0), fF (O), and f© (0). 
(b) Find the first six terms of the Maclaurin expansion of f. 


Find an alternative way of finding the first three nonzero terms of the Maclaurin 
series for f(z) = tanz (see Problem 23): 


(a) based on the identity tan z = sin z sec z and Problems 42 and 43 
(b) based on Problem 44(a) 
(c) based on Problem 45. [Hint: f’(z) = sec? z = 1+ tan? z.] 


We saw in Problem 34 in Exercises 1.3 that de Moivre’s formula can be used 
to obtain trigonometric identities for cos 36 and sin 36. Discuss how these 
identities can be used to obtain Maclaurin series for sin? z and cos*z. [Hint: You 
might want to simplify your answers to Problem 34. For example, cos” @ sin @ = 
(1 — sin? 0) sin 0.] 


(a) Suppose that the principal value of the logarithm Ln z = log, |z| +7 Arg(z) 


is expanded in a Taylor series with center z9 = —1+7. Explain why R= 1 
is the radius of the largest circle centered at zo = —1 +7 within which f is 
analytic. 


(b) Show that within the circle |z — (—1+7)| =1 the Taylor series for f is 


a: 8m, Sal (iti\ , 4 ak 
Lnz 5 108. 2 Poe Yi ( 5 ) (z+1-i)*. 


(c) Show that the radius of convergence for the power series in part (b) is 
R= V2. Explain why this does not contradict the result in part (a). 


(a) Consider the function Ln(1+ z). What is the radius of the largest circle 
centered at the origin within which f is analytic. 


(b) Expand f in a Maclaurin series. What is the radius of convergence of this 
series? 


(c) Use the result in part (b) to find a Maclaurin series for Ln(1 — z). 


= 2 


1 
(d) Find a Maclaurin series for Ln € ea *)), 


In Theorem 3.3 we saw that L’H6pital’s rule carries over to complex analysis. 
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In Problem 33 in Exercises 3.1 you were guided through a proof of the follwoing 
proposition by using the definition of the derivative: 
If functions f and g are analytic at a point zo and f(z) = 0, 


zo) = ut q'(z en li f@) = ge) 
g(zo) 0, but g ( 0) a 0, a hae g(z) g' (Zo) , 


This time, prove the proposition by replacing f(z) and g(z) by their Taylor 
series centered at 2p. 


Projects 


51. (a) You will find the following real function in most older calculus texts: 
eV a x#0 
0, 2 = 0. 


Do some reading in these calculus texts as an aid in showing that f is 
infinitely differentiable at every value of x. Show that f is not represented 
by its Maclaurin expansion at any value of x 4 0. 


(b) Investigate whether the complex analogue of the real function in part (a), 


en 2? z#0 
0, z= 0. 


is infinitely differentiable at z = 0. 


6.3 Laurent Series 


If a complex function f fails to be analytic at a point z = zo, then this point is said to be a 
singularity or singular point of the function. For example, the complex numbers z = 27 
and z = —2i are singularities of the function f(z) = z/(z*+4) because f is discontinuous at 
each of these points. Recall from Section 4.1 that the principal value of the logarithm, Ln z, 
is analytic at all points except those points on the branch cut consisting of the nonpositive 
x-axis; that is, the branch point z = O as well as all negative real numbers are singular 
points of Ln z. 

In this section we will be concerned with a new kind of “power series” expansion of 
f about an isolated singularity z . This new series will involve negative as well as 
nonnegative integer powers of z — Zo. 


HYojEincemmelbitcablevaiste-m Suppose that z = zp is a singularity of a 


complex function f. The point z = Zo is said to be an isolated singularity 
of the function f if there exists some deleted neighborhood, or punctured open 
disk, 0 < |z — zo| < R of zq throughout which f is analytic. For example, we 
have just seen that z = 2i and z = —2i are singularities of f(z) = z/(z7 +4). 
Both 22 and —2i are isolated singularities since f is analytic at every point 
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in the neighborhood defined by |z — 27| < 1, except at z = 27, and at every 
point in the neighborhood defined by |z — (—2z)| < 1, except at z = —27. In 
other words, f is analytic in the deleted neighborhoods 0 < |z — 2i| < 1 and 
0 < |z + 2i| < 1. On the other hand, the branch point z = 0 is not an isolated 
singularity of Ln z since every neighborhood of z = 0 must contain points 
on the negative z-axis. We say that a singular point z = zo of a function f 
is nonisolated if every neighborhood of zo contains at least one singularity 
of f other than z). For example, the branch point z = 0 is a nonisolated 
singularity of Ln z since every neighborhood of z = 0 contains points on the 
negative real axis. 


PMN ae Glaememelcutecm If z = zp is a singularity of a function f, 


then certainly f cannot be expanded in a power series with zo as its center. 
However, about an isolated singularity z = zo, it is possible to represent f 
by a series involving both negative and nonnegative integer powers of z — Zo; 
that is, 

a_g Ga) 


f(~ea-t+ Gat aaa ee (1) 


As a very simple example of (1) let us consider the function f(z) = 1/(z— 1). 
As can be seen, the point z = 1 is an isolated singularity of f and consequently 
the function cannot be expanded in a Taylor series centered at that point. 
Nevertheless, f can expanded in a series of the form given in (1) that is valid 
for all z near 1: 

0 1 


fle) = ope t pay tOtO--D40-~-+. @) 


The series representation in (2) is valid for 0 < |z—1|] < w. 
Using summation notation, we can write (1) as the sum of two series 


F(z) = So a_n(z— 20) * + S- ag(z — 20)*. (3) 
k=1 k=0 


The two series on the right-hand side in (3) are given special names. The part 
with negative powers of z — Zo, that is, 

co co a 

=a} —k 

a2 = Z0) = Gan. a. (4) 
2 2 =a) 


iL 


is called the principal part of the series (1) and will converge for 
|1/(z — z0)| < r* or equivalently for |z — zo| > 1/r* = r. The part consisting 
of the nonnegative powers of z — Zo, 


> az(2 — 20)", (5) 
k=0 


is called the analytic part of the series (1) and will converge for |z — z9| < R. 
Hence, the sum of (4) and (5) converges when z satisfies both |z— zo| > r 
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and |z — z9| < R, that is, when z is a point in an annular domain defined by 
r<|z—z|<R. 


By summing over negative and nonnegative integers, (1) can be written 
compactly as 


The principal part of the series (2) consists of exactly one nonzero term, 
whereas its analytic part consists of all zero terms. Our next example illus- 
trates a series of the form (1) in which the principal part of the series also 
consists of a finite number of nonzero terms, but this time the analytic part 
consists of an infinite number of nonzero terms. 


| EXAMPLE 1 Series of the Form Given in (1) 


The function f(z) = = 


hence cannot be expanded in a Maclaurin series. However, sin z is an entire 
function, and from (13) of Section 6.2 we know that its Maclaurin series, 


is not analytic at the isolated singularity z = 0 and 


converges for |z| < oo. By dividing this power series by z+ we obtain a series 
for f with negative and positive integer powers of z: 


principal analytic 
part part 
sin Zz 1 1 z 2 2 
ie = 2 = ! rr) 
2 2 3lz 5! 7! 9! 


The analytic part of the series in (6) converges for |z| < oo. (Verify.) The 
principal part is valid for |z| > 0. Thus (6) converges for all z except at z = 0; 


that is, the series representation is valid for 0 < |z| < oo. 


A series representation of a function f that has the form given in (1), 
and (2) and (6) are such examples, is called a Laurent series or a Laurent 
expansion of f about zo on the annulus r < |z — z0| < R. 


Figure 6.6 Contour for Theorem 6.10 


Figure 6.7 Cy, and Cy are concentric 


circles. 
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Theorem 6.10 Laurent’s Theorem 
Let f be analytic within the annular domain D_ defined by 
r<|z—z0| < R. Then f has the series representation 


CoO 


S~ ax(z— 20)* (7) 


k=—0oo 


valid for r < |z — zo| < R. The coefficients aj, are given by 


ap = ad k = 0 1 2 wae 
k ) A (s o)* 1 Ss, 2 ’ 2 (8) 


where C is a simple closed curve that lies entirely within D and has Zo in 
its interior. See Figure 6.6. 


Proof Let C; and C2 be concentric circles with center z) and radii r; and 
Ro, where r < 71 < Ro < R. Let z be a fixed point in D that also satisfies 
the inequality r1 < |z — zo| < Ra. See Figure 6.7. By introducing a crosscut 
between Cz and C} it follows from Cauchy’s integral formula that 


Cee 
QriJo,s—z Amilo, (z-% 


1 1 
fa ie a, (9) 
2nt Jo, 8— z 2mi Jo, $— 2 
As in the proof of Theorem 6.9, we can write 
1 (s) — k 
— ds=S ap(z— 2)", (10) 
2ri Jo, 8-2 » 
i f(s) 

h a = Oy 12s seni 11 
where ak sai fy, (s = z)et1 ds, k 0, 94) ( ) 
We then proceed in a manner similar to (9) of Section 6.2: 

(s) ds 
— (s — Zo) 
1 
=a, ds 
z— 20 
&8— 2% S— 2 S— 2 - (¢— 2)" 
i d 12 
ee (==) (=*) an A) 
+ Rr(z), 
1 f(s) 

h = =1,2 shy 1 

where a_k mf, ce 2) R41 ds, k > 4) 3, ’ ( 3) 
1 _ n 
and R,(z) (5)(s = 70) ds. 


~ 2ni(z — 20)" Jo, zZ-8s 
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Now let d denote the distance from z to zo, that is, |z — z9| = d, and let 
M denote the maximum value of | f(z)| on the contour C). Using |s — zo| = 11 
and the inequality (10) of Section 1.2, 


|z —s| = |z — 29 — (8 — 20)| > |z — 2z0| — |s — zo) =d—11. 


The ML-inequality then gives 


1 f(s)(s — 20)” 1 Mr? 
n S : d. < ‘i oD 
[Rn(2)] Qri(z — rf, Z—Ss *| >= Ond" | d— ry an 
= Mry (4) 
7 d— Fit d : 


Because 7 < d, (r1/d)" — 0 as n — ov, and so |R,,(z)| — 0 as n > oo. Thus 
we have shown that 


Oni S—Z 
C1 k=1 


where the coefficients a—, are given in (13). Combining (14) and (10), we see 
that (9) yields 


f(z) = Gow tle 20)". (15) 
k=1 k=0 


Finally, by summing over nonnegative and negative integers, (15) can be writ- 
ten as f(z) = 2? .. ax(z — 20)*. Moreover, (11) and (13) can be written as 
a single integral: 


=> k —_ 1 eee 
ak - ( o)F 1 dz, 0, ’ ’ ’ 


where, in view of (5) of Section 5.3, we have replaced the contours C; and C, 
by any simple closed contour C' in D with zp in its interior. 


In the case when a_, = 0 for k = 1, 2, 3, ..., the principal part (4) is 
zero and the Laurent series (7) reduces to a Taylor series. Thus, a Laurent 
expansion can be considered as a generalization of a Taylor series. 

The annular domain in Theorem 6.10 defined by r < |z— z| < R need 
not have the “ring” shape illustrated in Figure 6.7. Here are some other 
possible annular domains: 


(i) r=0, R finite, (i) r 40, R=on, and (iti) r=0, R= ow. 


In the first case, the series converges in annular domain defined by an 
0 < |z-—z0| < R. This is the interior of the circle |z — zo| = R except the 
point 29; in other words, the domain is a punctured open disk. In the second 
case, the annular domain is defined by r < |z — zo| and consists of all points 
exterior to the circle |z — z)| = r. In the third case, the domain is defined by 
0 < |z—29|. This represents the entire complex plane except the point zo. 
The Laurent series in (2) and (6) are valid on this last type of domain. 


The coefficients defined by (8) are pap 


seldom used. See (ii) in the 


Remarks at the end of this section. 


y 


y 


(c) 


(d) 


Figure 6.8 Annular domains for 


Example 2 
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The integral formula in (8) for the coefficients of a Laurent series are 
rarely used in actual practice. As a consequence, finding the Laurent series of 
a function in a specified annular domain is generally not an easy task. But this 
is not as disheartening as it might seem. In many instances we can obtain a 
desired Laurent series either by employing a known power series expansion of 
a function (as we did in Example 1) or by creative manipulation of geometric 
series (as we did in Example 2 of Section 6.2). The next example once again 
illustrates the use of geometric series. 


EXAMPLE 2 Four Laurent Expansions 


1 
Expand f(z) = We=1) in a Laurent series valid for the following annular 
2(z- 
domains. 
(a)0<|z)<1 (b) 1 < |z| (c)0<|z-1]<1 (d)1<|z-1| 


Solution The four specified annular domains are shown in Figure 6.8. The 
black dots in each figure represent the two isolated singularities, z = 0 and 
z=1, of f. In parts (a) and (b) we want to represent f in a series involving 
only negative and nonnegative integer powers of z, whereas in parts (c) and 
(d) we want to represent f in a series involving negative and nonnegative 
integer powers of z — 1. 


(a) By writing 


1 il 
f(z) = ’ 
2 Lz 
we can use (6) of Section 6.1 to write 1/(1— z) as a series: 
1 21 43 
f(~j= [l+z+27tzet--]. 
z 


The infinite series in the brackets converges for |z| < 1, but after we 
multiply this expression by 1/z, the resulting series 


converges for 0 < |z| <1. 


(b) To obtain a series that converges for 1 < |z|, we start by constructing a 
series that converges for |1/z| < 1. To this end we write the given function 


fas 
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The series in the brackets converges for |1/z| < 1 or equivalently for 
1 < |z|. Thus the required Laurent series is 


(c) This is basically the same problem as in part (a), except that we want all 
powers of z — 1. To that end, we add and subtract 1 in the denominator 
and use (7) of Section 6.1 with z replaced by z— 1: 


1 
P@) = 44 HG =1) 
_ 1 al 
~ g=—1 14+(¢-1) 
= [1 (2-1) + (2-1? -(2-18 +] 
1 


The requirement that z 4 1 is equivalent to 0 < |z — 1], and the geometric 
series in brackets converges for |z — 1| < 1. Thus the last series converges 
for z satisfying 0 < |z— 1] and |z —1| < 1, that is, for 0 < |z-1] <1. 


(d) Proceeding as in part (b), we write 


ones ee I 
MO" a-11+@-l @-1? 7, 2 
+ 
g—1 
a ee ore —_— 
~ (z-1)? z—-1° (z-1)? (z-1)3 ° 
1 1 1 1 


@=1?° G=1? "Golf G1” 


Because the series within the brackets converges for | 1/(z—1)| < 1, the 
final series converges for 1 <|z—1]. 


od 


| EXAMPLE 3 Laurent Expansions 


1 
Expand f(z) = Ga 1Ae~3) in a Laurent series valid for (a) 0 < |z—1| <2 


and (b) 0<|z-3| <2. 
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Solution 


(a) As in parts (c) and (d) of Example 2, we want only powers of z — 1 and 
so we need to express z— 3 in terms of z—1. This can be done by writing 


and then using (6) of Section 6.1 with the symbol z replaced by (z—1)/2, 


1 -e-1 (z—1)? (z—1)8 
f@)= se=a2 | 2° og ' gp TO 


1 1 1_ 1, 
2-1? 42-1 8 6” 


i eee (16) 


(b) To obtain powers of z — 3, we write z — 1 = 24+ (z—3) and 


We now factor 2 
from this expression 


-2 
—3 
At this point we can obtain a power series for E + a by using the 


binomial expansion,! 


We) = get [t+ SP): Ad (258) | 2 8 (238) 4. 


The binomial series in the brackets is valid for |(z—3)/2| < 1 or 


|z —3| < 2. Multiplying this series by A@—3) gives a Laurent series 
ye 


that is valid for 0 < |z—3]| < 2: 


+For a real, the binomial series (1+z)* = 1+az4 


is valid for |z| < 1. 


332 Chapter 6 Series and Residues 


| EXAMPLE 4 A Laurent Expansion 


8z4+1 


Expand f(z) = Ala) 


in a Laurent series valid for 0 < |z| < 1. 


Solution By partial fractions we can rewrite f as 


8z+1 1 9 


ae cr ae rg 


Then by (6) of Section 6.1, 


Tay = 9+ 92 + 92" focanat.s 


The foregoing geometric series converges for |z| < 1, but after we add the 
term 1/z to it, the resulting Laurent series 


1 
fla) => +9+92+92 +. 


is valid for 0 < |z| < 1. 


In the preceding examples the point at the center of the annular domain 
of validity for each Laurent series was an isolated singularity of the function 
f. A re-examination of Theorem 6.10 shows that this need not be the case. 


| EXAMPLE 5 A Laurent Expansion 


1 
P Expand f(z) = Aaa in a Laurent series valid for 1 < |z —2| < 2. 
3 z(z— 
ia Sa \ . . . . ° ° 
/ ih. \ Solution The specified annular domain is shown in Figure 6.9. The center 
t if \ \ : of this domain, z = 2, is the point of analyticity of the function f. Our goal 
B \ t x . yo now is to find two series involving integer powers of z — 2, one converging for 
ed, tani d 1 < |z—2| and the other converging for |z — 2| < 2. To accomplish this, we 
a um proceed as in the last example by decomposing f into partial fractions: 
i : 1 1 
Figure 6.9 Annular domain for f(z) Se = fil2) 4 fo(z). (17) 


Example 5 z z—l 
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1 1 
Now, fi(z) ~~ x Q42z- 9 
_ 2 
a) z—-2 
ih 
= 2 
1 z-2 (z-2)? (z-2)8 
= 1 
2 2 2? 28 
ol, #=2 . @=2) , @=2) 
~ 2" ge = ee 
This series converges for |(z — 2)/2| < 1 or |z —2| < 2. Furthermore, 
1 1 1 1 
fo(z) = = = rT 
2-1 Log 2: = 2 1 
+ 
z—-2 
oe ee Lo 
z-2 z—-2 (2-2)? (z-2)3 ' 
1 1 1 1 


7-2 G-2! GHP Go 


converges for |1/(z — 2)| < 1 or 1 < |z — 2|. Substituting these two results in 
(17) then gives 


1 1 1 1 1. 2-2 (z-2)? (z-2)8 


(2) " (2—2)3 (2)? ° 2=2 a1 Rp 23 ' 24 


This representation is valid for z satisfying |z — 2| < 2 and 1 < |z — 2]; in 


other words, for 1 < |z — 2| < 2. 


| EXAMPLE 6 A Laurent Expansion 


Expand f(z) = e3/% in a Laurent series valid for 0 < |z| < 0x. 


Solution From (12) of Section 6.2 we know that for all finite z, that is, 
|z| < 00, 


z 


e*=1+4+2z4 oe (18) 


We obtain the Laurent series for f by simply replacing z in (18) by 3/z, 
z#0, 
3/2 a. er a 


. ha Toga ai 


This series (19) is valid for z 4 0, that is, for 0 < |z| < oo. 


anes (19) 
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(i) In conclusion, we point out a result that will be of special interest to 
us in Sections 6.5 and 6.6. Replacing the complex variable s with the 
usual symbol z, we see that when k — 1, formula (8) for the Laurent 


series coefficients yields a_, = os f(z) dz, or more important, 
TIC 


¢ HAG = Mita. (20) 
C 


(ii) Regardless how a Laurent expansion of a function f is obtained in a 
specified annular domain it is the Laurent series; that is, the series 
we obtain is unique. 


DDG DOM IS 8F Answers to selected odd-numbered problems begin on page ANS-19. 


In Problems 1-6, expand the given function in a Laurent series valid for the given 


annular domain. ; 
COS Z z—sinz 


1. f(z)= : ,0< |2| 2. i@=—{3 _+9<|el 
il — z 
a. Hee 02H 4. f(z) = a 0<|z| 
e 1 
5. f(z) = ,0<|z-]1| 6. f(z) =zcos—, 0 < |z| 
Z=1 z 
1 
In Problems 7-12, expand f(z) = we—3) in a Laurent series valid for the indicated 
2(z— 
annular domain. 
7. 0<|z|<3 8. |z|>3 
9. 0<|z-3) <3 10. |z-—3|>3 
11. 1<|z-4 <4 12. l<|z+1|<4 
1 : : : 
In Problems 13-16, expand f(z) = G=De=5 in a Laurent series valid for the 
z—-l1)(2- 
given annular domain. 
13. 1<|z| <2 14. |z| >2 
15. 0<|z-1| <1 16. 0<|z-2| <1 
In Problems 17-20, expand f(z) = Caee in a Laurent series valid for the 
z zZ- 
given annular domain. 
17. 0<|z4+1| <3 18. |z+1|>2 
19. 1<|z| <2 20. 0<|z-2| <3 
In Problems 21 and 22, expand f(z) = ao in a Laurent series valid for the 
z(1— 


given annular domain. 
21. 0<|z|<1 22. |z| >1 
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In Problems 23 and 24, expand f(z) = — in a Laurent series valid for 
(z — 2)(z —1)8 
the given annular domain. 
23. 0<|z-2| <1 24. 0<|z-1) <1 
: 7z—-3 . F : 
In Problems 25 and 26, expand f(z) = 21) in a Laurent series valid for the 
2(z- 
given annular domain. 
25. 0< lz) <1 26. 0< |z—1| <1 [Hint: G22 02 wesee 
1+(z-1) 
2? —Qz+2., . E 
In Problems 27 and 28, expand f(z) = — 9 ima Laurent series valid for the 
Bee 
given annular domain. 
27. 1<|z-1j 28. 0< |z—2| 
2 4 3 5 
In Problems 29 and 30, use cos z = 1— aig a aan sinz = ped eeu and 
; : 2! A! ; 3! OB! : 


long division to find the first three nonzero terms of a Laurent series of the given 
function f valid for 0 < |z| <7. 


29. f(z) =cse z 30. f(z) = cot z 
[Focus on Concepts| on Concepts 


1 
(z+ 2)(z — 42) 
> ax(z + 2)* valid in the annulus r <|z+2|< R. What are r and R? 


31. The function f(z) = 


possesses a Laurent series f(z) = 


k oo 
e722 
32. Consider the function f(z) = GH)? Use (7) to find the principal part of 
z 
the Laurent series expansion of f about zo = —1 that is valid on the annulus 
0<|z+1|<o. 
1 
33. Consider the function f(z) = C— What is the Laurent series expansion 
yeas 


of f about z) = 5 that is valid on the annulus 0 < | z—5| < co? 


6.4 Zeros and Poles 


Suppose z = 2 is an isolated singularity of a complex function f, and that 


ieQye ss az(z — 2)" =) a_z(z— 20) * +S ax(z— 20)* (1) 
hase k=1 k=0 


is the Laurent series representation of f valid for the punctured open disk 0 < | z— z| < R. 
We saw in the preceding section that a Laurent series (1) consists of two parts. That part 
of the series in (1) with negative powers of z — zo, namely, 


PE ~a)*t=>- aa (2) 
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is the principal part of the series. In the discussion that follows we will assign different 
names to the isolated singularity z = z) according to the number of terms in the principal 
part. 


Classification of Isolated Singular Points JRNirbtrccmsitare 


lar point z = zo of a complex function f is given a classification depending 
on whether the principal part (2) of its Laurent expansion (1) contains zero, 
a finite number, or an infinite number of terms. 


(i) If the principal part is zero, that is, all the coefficients a_, in (2) are 
zero, then z = Zo is called a removable singularity. 


(ii) If the principal part contains a finite number of nonzero terms, then 
Zz = 2 is called a pole. If, in this case, the last nonzero coefficient in 
(2) is a_n, n > 1, then we say that z = zo is a pole of order n. If 
z = 29 is pole of order 1, then the principal part (2) contains exactly 
one term with coefficient a_;. A pole of order 1 is commonly called a 
simple pole. 


(ii1) If the principal part (2) contains an infinitely many nonzero terms, then 
Z = Zp is called an essential singularity. 


Table 6.1 summarizes the form of a Laurent series for a function f when 
Z = 2 is one of the above types of isolated singularities. Of course, R in the 
table could be oo. 


Z= Zo Laurent Series for 0 < |z— zo|<R 


Removable singularity | ag + a1(z — 2) + a2(z — 2)? +-- 


Gen G_(n—1) a1 


Pole of order n CEG + Cae aes tap + a1(z— 2%) °°: 
a_ 
Simple pole Es, ih ag + a1(z — 29) + ao(z— zo)? + °°: 
z— 20 
Essential singularity — a + ag + a1(2— 2) + aa(z— 20)? +--- 
(z— 20)? 2-20 


Table 6.1 Forms of Laurent series 


EXAMPLE 1 Removable Singularity 


Proceeding as we did in Example 1 of Section 6.3 by dividing the Maclaurin 
series for sin z by z, we see from 


sin z Z Zz 
ae ae 8) 


that all the coefficients in the principal part of the Laurent series are zero. 


Hence z = 0 is a removable singularity of the function f(z) = (sin z)/z. 
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Important paragraph. Reread it ig If a function f has a removable singularity at the point z = zo, then we 

peveral times. can always supply an appropriate definition for the value of f(zo) so that 
f becomes analytic at z = zo. For instance, since the right-hand side of 
(3) is 1 when we set z = 0, it makes sense to define f(0) = 1. Hence the 
function f(z) = (sin z)/z, as given in (3), is now defined and continuous at 
every complex number z. Indeed, f is also analytic at z = 0 because it is 
represented by the Taylor series 1 — 27/3! + 24/5! —--- centered at 0 (a 
Maclaurin series). 


EXAMPLE 2. Poles and Essential Singularity 


3 5 
Zz z 
(a) Dividing the terms of sin z = z — at + = aie by 2? shows that 
principal 
part 
sinz 1 Zz 2 
ge Zz 31° 5! 


for 0 < |z| < oo. From this series we see that a_; 4 0 and soz =Oisa 
simple pole of the function f(z) = (sin z)/z?. In like manner, we see that 
z = 0 isa pole of order 3 of the function f(z) = (sin z)/z*+ considered in 
Example 1 of Section 6.3. 


(b) In Example 3 of Section 6.3 we showed that the Laurent expansion of 
f(z) =1/(z —1)?(z — 8) valid for 0 < |z —1| < 2 was 
principal part 
1 1 1 z-1 
f@)=—se a8 Wz-1) 86 


Since a_2 = —4 4 0, we conclude that z = 1 is a pole of order 2. 


(c) In Example 6 of Section 6.3 we see from (19) that the principal part of 
the Laurent expansion of the function f(z) = e3/* valid for 0 < |z| < 00 
contains an infinite number of nonzero terms. This shows that z = 0 is 
an essential singularity of f. 


——— i 


Recall, a number 2g is zero of a function f if f(z 9) = 0. We say 
that an analytic function f has a zero of order n at z = Zo if 


zo is a zero of f and of its first n—1 derivatives 


oe 2 
f(zo) =0, f'(zo.) =0, f"(zo) =0, ..., f-Y(z9) =0, but f(z) 40. (4) 
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A zero of order n is also referred to as a zero of multiplicity n. For 
example, for f(z) = (z — 5)? we see that f(5) =0, f’(5) =0, f”(5) =0, but 
f’’(5) = 6 £0. Thus f has a zero of order (or multiplicity) 3 at z = 5. A 
zero of order 1 is called a simple zero. 

The next theorem is a consequence of (4). 


Theorem 6.11. Zero of Order n 


A function f that is analytic in some disk |z — zo| < R has a zero of order 
n at z= 2 if and only if f can be written 


f(z) = (2 — 2)" 92), (5) 
where ¢ is analytic at z = z and $(z0) £0. 
Partial Proof We will establish the “only if” part of the theorem. Given 
that f is analytic at zo, it can be expanded in a Taylor series that is centered 
at zo and is convergent for |z — zo| < R. Since the coefficients in a Taylor 
series f(z) = \ip2.9 an(z — 20)" are a, = f™(zo)/k!, k = 0, 1, 2, ..., it 


follows from (4) that the first m terms series are zero, and so the expansion 
must have the form 


f(z) = an(z — 20)” + ansi(z — 20)"71 + anso(z — 20)"*7 +--+: 


= (z— 2)” [an + Gn4i(z — 20) + Gnya(z — 20)? +--- |. 
With the power-series identification 
b(z) = Gn + Gngi(z—.20) + Qngo(z— 29)? +*<- 


we conclude that ¢ is an analytic function and that (zo) = an 4 0 because 
an = f'™(zo)/n! £0 from (4). 


EXAMPLE 3. Order of a Zero 
The analytic function f(z) = zsin z? has a zero at z = 0. If we replace z by 
2 in (13) of Section 6.2, we obtain the Maclaurin expansion 


6 
9 2 2 


. 2. ee a 
sing = Zz 37 SI 


Then by factoring z? out of the foregoing series we can rewrite f as 


Za od 


f(z) =zsinz? = 23 ¢(z) where o(z)=1- a ail porte (6) 


and ¢(0) = 1. When compared to (5), the result in (6) shows that z = 0 isa 


zero of order 3 of f. 
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We can characterize a pole of order n in a manner analogous to (5). 


Theorem 6.12 Pole of Order n 


A function f analytic in a punctured disk 0 < | z— z9| < R has a pole of 
order n at z = 2 if and only if f can be written 


(7) 


where ¢ is analytic at z = zp and ¢(z0) £0. 


Partial Proof As in the proof of (5), we will establish the “only if” part of 
the preceding sentence. Since f is assumed to have a pole of order n at 2 it 
can be expanded in a Laurent series 
den a_2 a_1 
— Ie dis | vey (8 

f(z) (z _ zo)” + (z = z0)2 Z— 2 + ao ay(z 2) + ( ) 
valid in some punctured disk 0 < | z — zo| < R. By factoring out 1/(z — 20)”, 
(8) confirms that f can be written in the form ¢(z)/(z — zo)”. Here we identify 


o(z) =4a_n tere a_2(z = zo)? + a_1(z — Za) * t ag (z Z0)” t ay(z zy)er* +.-- 4 (9) 


as a power series valid for the open disk | z — zo| < R. By assumption, z = 2 
is a pole of order n of f, and so we must have a_, 4 0. If we define 
$(z0) = a—n, then it follows from (9) that ¢ is analytic throughout the disk 
|z—z| < RB. Qy 


A zero z = 2g of an analytic function f is isolated in the 


sense that there exists some neighborhood of zp for which f(z) 4 0 at every 
point z in that neighborhood except at z = zp. As a consequence, if zp is 
a zero of a nontrivial analytic function f, then the function 1/f(z) has an 
isolated singularity at the point z= zo. 

The following result enables us, in some circumstances, to determine the 
poles of a function by inspection. 


Theorem 6.13. Pole of Order n 


If the functions g and h are analytic at z = z and h has a zero of order 
nat z= 2 and g(z) #0, then the function f(z) = g(z)/h(z) has a pole 
of order n at z = 2. 


Proof Because the function h has zero of order n, (5) gives h(z) = 
(z — 29)"(z), where ¢ is analytic at z = z and ¢(z) 4 0. Thus f can 
be written 
z)/o(z 
fi~y= 9(z)/O(2) (10) 


(2—2)" 
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Since g and ¢ are analytic at z = z and $(z0) 4 0, it follows that the 
function g/¢ is analytic at zo. Moreover, g(zo) # 0 implies g(z0)/(zo) # 0. 
We conclude from Theorem 6.12 that the function f has a pole of order n 


at ZQ- ESN 


When n = 1 in (10), we see that a zero of order 1, or a simple zero, in 
the denominator h of f(z) = g(z)/h(z) corresponds to a simple pole of f. 


| EXAMPLE 4. Order of Poles 


(a) Inspection of the rational function 


22+5 
f(2) = (z—1)(2 + 5)(z - 2)4 
shows that the denominator has zeros of order 1 at z = 1 and z = —5, 


and a zero of order 4 at z = 2. Since the numerator is not zero at any 
of these points, it follows from Theorem 6.13 and (10) that f has simple 
poles at z = 1 and z = —5, and a pole of order 4 at z = 2. 


(b) In Example 3 we saw that z = 0 is a zero of order 3 of z sin 27. From 


Theorem 6.13 and (10) we conclude that the reciprocal function f(z) = 


1/(zsin z?) has a pole of order 3 at z =0. 


(i) From the preceding discussion, it should be intuitively clear that if 
a function f has a pole at z = zo, then |f(z)| — co as z > 2 from 
any direction. From (7) of the Remarks following Section 2.6 we can 
write lim f(z) = oo. 

Z— Zo 

(i) If you peruse other texts on complex variables, and you are encour- 
aged to do this, you may encounter the term meromorphic. A func- 
tion f is meromorphic if it is analytic throughout a domain D, 
except possibly for poles in D. It can be proved that a meromorphic 
function can have at most a finite number of poles in D. For exam- 
ple, the rational function f(z) = 1/(z? + 1) is meromorphic in the 
complex plane. 


DGD NOMS DS 25 Answers to selected odd-numbered problems begin on page ANS-19. 


In Problems 1—4, show that z = 0 is a removable singularity of the given function. 
Supply a definition of f(0) so that f is analytic at z = 0. 


22 3 2 

er = 1 z —Az 
1. f(z) = — 2. f)= 7 

sin 4z — 4z 1— 221° — cos z° 
{Qs erry 


z 
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In Problems 5-10, determine the zeros and their order for the given function. 


5. 
7. 
9. 


f(z) =(z+2-i)? 6. f(z)=2*-16 
fHae +2 8. f(z) =sin? z 
f (2) Sere" 10. f(z) = ze* —2z 


In Problems 11-14, the indicated number is a zero of the given function. Use a 


Maclaurin or Taylor series to determine the order of the zero. 


11. 
13. 


f(z) = 2(1 —cos* z); z =0 12. f(z)=z-sinz; z=0 
fg@s1l-e 4; 251 14. f(z) =1-mwitz+e*; z=7i 


In Problems 15-26, determine the order of the poles for the given function. 


15. 


17. 


19. 


21. 


23. 


25. 


f(z) = ier 16. f(z) =5- & 

f(z) = See 18. f(z) = crpeten 
f(z) = tan z 20. f(z) = or 

f= sa cose 22. f(z)= a 

f(a) = 5 “ 24. f(z)= _ : 

i@) =e 26. f(z) = SF cosas 


In Problems 27 and 28, show that the indicated number is an essential singularity 


of the given function. 


27. 


29. 
30. 


Focus on Concepts 


31. 


32. 


f(z) = 2? sin (2): z=0 28. f(z) =(z—1)cos (=): = 22 


Determine whether z = 0 is an essential singularity of f(z) = ere. 


Determine whether z = 0 is an isolated or non-isolated singularity of f(z) = 
tan(1/z). 


In part (b) of Example 2 in Section 6.3, we showed that the Laurent series 


1 
representation of f(z) = ———~ valid for |z| > 1 is 
z(z—1) 
1 1 ol 1 
fQ=5 +atatat 


The point z = 0 is an isolated singularity of f, and the Laurent series contains 
an infinite number of terms involving negative integer powers of z. Discuss: 
Does this mean that z = 0 is an essential singularity of f? Defend your answer 
with sound mathematics. 


Suppose f and g are analytic functions and f has a zero of order m and g has 
zero of order n at z = zo. Discuss: What is the order of the zero of fg at zo? 
of f+ g at zo? 
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33. An interesting theorem, known as Picard’s theorem, states that in any ar- 
bitrarily small neighborhood of an isolated essential singularity zo, an analytic 
function f assumes every finite complex value, with one exception, an infinite 
number of times. Since z = 0 is an isolated essential singularity of f(z) = el/?, 
find an infinite number of z in any neighborhood of z = 0 for which f(z) = i. 
What is the one exception? That is, what is the one value that f(z) = e 
does not take on? 


34. Suppose | f(z)| is bounded in a deleted neighborhood of an isolated singularity 
zo. Classify zo as one of the three kinds of isolated singularities listed on page 
336. Justify your answer with sound mathematics. 


35. Suppose the analytic function f(z) has a zero of order n at z = zo. Prove that 
the function [f(z)]’", m a positive integer, has a zero of order mn at z = Zo. 


36. In this problem you are guided through the start of the proof of the proposition: 


The only isolated singularities of a rational function f are poles or 
removable singularities. 


Proof We begin with the hypothesis that f is a rational function, that is, 
f(z) = p(z)/¢(z), where p and q are polynomials. We know that f is analytic 
for all z except at the zeros of gq. Suppose zo is a zero of q but not of p. 
Then Theorem 6.11 tell us that there exists a positive integer n such that 
q(z) = (2 — z0)"Q(z), where Q is a polynomial and Q(z) 4 0. Now invoke 
Theorem 6.12. Consider one more case to finish the proof. 


6.5 Residues and Residue Theorem 


We saw in the last section that if a complex function f has an isolated singularity at a point 
zg, then f has a Laurent series representation 
co 


a=o (Sa) 


fe= S- a,(z— 2)" = ---4 } + ag t+ ay(z Zo) te, 


(z = zo)? 2 Ay) 


k=—00 


which converges for all z near zg. More precisely, the representation is valid in some deleted 
neighborhood of zo or punctured open disk 0 < |z — zo| < R. In this section our entire focus 
will be on the coefficient a_; and its importance in the evaluation of contour integrals. 


The coefficient a_, of 1/(z — zo) in the Laurent series given 
above is called the residue of the function f at the isolated singularity zo. 
We shall use the notation 


a_, = Res(f(z), 20) 


to denote the residue of f at zo. Recall, if the principal part of the Laurent 
series valid for 0 < |z — zo| < R contains a finite number of terms with a_, 
the last nonzero coefficient, then zp is a pole of order n; if the principal part 
of the series contains an infinite number of terms with nonzero coefficients, 
then zo is an essential singularity. 
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EXAMPLE 1_ Residues 


(a) In part (b) of Example 2 in Section 6.4 we saw that z = 1 is a pole 


of order two of the function f(z) = en ie~ 8)" From the Laurent 
series obtained in that example valid for the deleted neighborhood of z = 1 
defined by 0 < |z—-1| <2, 


a1 


1/2 1/4 1 1 
2 ea a 
f@)= Gopet sir -37 


we see that the coefficient of 1/(z — 1) is a_1 = Res(f(z), 1) = —}. 


(b) In Example 6 of Section 6.3 we saw that z = 0 is an essential singularity 
of f(z) = e°/*, Inspection of the Laurent series obtained in that example, 


3 3? 38 
3/2. | We assis 
ied as Zz a 1 318 j 


0 < |z| < ov, shows that the coefficient of 1/z is a_; = Res(f(z), 0) =3. 


We will see why the coefficient a_; is so important later on in this section. 
In the meantime we are going to examine ways of obtaining this complex 
number when Zo is a pole of a function f without the necessity of expanding 
f in a Laurent series at zo. We begin with the residue at a simple pole. 


Theorem 6.14 Residue at a Simple Pole 


If f has a simple pole at z = zo, then 


Res( f(z), 20) = lim (z — 20) f(z). 


zZ—20 


Proof Since f has a simple pole at z = zo, its Laurent expansion convergent 
on a punctured disk 0 < |z— z| < R has the form 


a 
f(z) = 2 de tig dye — ng) ale — ap) 
z— 20 


where a_; # 0. By multiplying both sides of this series by z — z and then 
taking the limit as z — zo we obtain 


lim (z — zo) f(z) = lim a1 + ao(z zo) +.a1(z — 29)? + +=] 


zZ— Zo Zz 


= a_; = Res(f(z), 20). y 
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Theorem 6.15 Residue at a Pole of Order n 


If f has a pole of order n at z = Zo, then 


d™-1 


a 
(n — 1)! zozo dae 


(z— 20)" (2). (2) 


Proof Because f is assumed to have pole of order n at z = Zo, its Laurent 
expansion convergent on a punctured disk 0 < |z— z9| < R must have the 
form 

dap a_2 a_y 


fe) = Gay | (@—%)2 * 2% | a ae ea 


where a_, #0. We multiply the last expression by (z — 20)", 
(z— 20)" f(z) = Gin + +++ + a_2(z— 2)? + a_4(z — 2)? + ag(z — 20)" + ai(z— 2)" +--- 
and then differentiate both sides of the equality n — 1 times: 


d™—-1 
qqnai (# — 20)" fz) = (n— laa + nlag(z — zo) +++ . (3) 
Since all the terms on the right-hand side after the first involve positive integer 
powers of z — zo, the limit of (3) as z — zo is 


. qr-1 ™ 
jim Fai (2 — 29)" f(z) = (n—IT)!a_1. 
Solving the last equation for a_; gives (2). z 


Notice that (2) reduces to (1) when n = 1. 


| EXAMPLE 2 Residue at a Pole 


The function f(z) = ae 


order 2 at z = 1. Use Theorems 6.14 and 6.15 to find the residues. 


has a simple pole at z = 3 and a pole of 


Solution Since z = 3 is a simple pole, we use (1): 


Res( f(2),3) = lim (z — 3) (2) = lim =a =i. 


An alternative method for comput- 
ing a residue at a simple pole 


Es 
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Now at the pole of order 2, the result in (2) gives 


1. ad 
Res(f(2),1) = qlim <(z-1)?F@) 
d 1 
im — —— 
zoldzz—3 
= lim = — ! 


When f is not a rational function, calculating residues by means of (1) 
or (2) can sometimes be tedious. It is possible to devise alternative residue 
formulas. In particular, suppose a function f can be written as a quotient 
f(z) = g(z)/h(z), where g and h are analytic at z = zo. If g(zo) 0 and if 
the function h has a zero of order 1 at zo, then f has a simple pole at z = zg 
and 


Res(S(2),%0) = ican)" 


(4) 


To derive this result we shall use the definition of a zero of order 1, the 
definition of a derivative, and then (1). First, since the function h has a zero 
of order 1 at zo, we must have h(z) = 0 and h’(zo) 4 0. Second, by definition 
of the derivative given in (12) of Section 3.1, 


0 
— 
h'(zo) = lim ne) = Bie) = lim sd, ; 
z+ Z0 e = 20) 220 Z — ZO 


We then combine the preceding two facts in the following manner in (1): 


; g(z) g(z) g(z ) 
Res( f(2),20) = Jim (2 ~ 20) 5 Fy = Jim SO = faa)” 


There are several alternative ways of arriving at formula (4). For instance, it 
can be obtained by a single application of L’H6pital’s rule (page 147), but you 
are asked in Problem 40 in Exercises 6.5 to derive (4) using (5) of Section 6.4. 
Residue formulas for poles of order greater than 1 are far more complicated 
than (4) and will not be presented here. Practicality aside, a derivation of 
one of these higher-order formulas provides an opportunity to review and use 
important concepts. See Problem 41 in Exercises 6.5. 


EXAMPLE 3 Using (4) to Compute Residues 


The polynomial z4 + 1 can be factored as (z — 21)(z — 22)(z — 23)(z — 24), 
where 21, 22, 23, and 24 are the four distinct roots of the equation z4 +1 =0 
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(or equivalently, the four fourth roots of —1). It follows from Theorem 6.13 
that the function 


1 


f= ay 


has four simple poles. Now from (4) of Section 1.4 we have 2; = e7*/4, 
zg = e®T/4) 23 = 7/4 and zq = e7™*/4. To compute the residues, we use 
(4) of this section along with Euler’s formula (6) of Section 1.6: 


Res(f(2)21) = py = Ge =~ 
Res( f(z), 22) = 2 = Fe ort = we z Wee 
Res( f(z), 23) = a — ee = te + Wed 
Resse rt = feanilt = 5 ap ee 


Of course, we could have calculated each of the residues in Example 3 
using formula (1). But the procedure in this case would have entailed sub- 
stantially more algebra. For example, we first use the factorization of z4 + 1 
to write f as: 


(2 — 21) (2 — 22)(z — 23) (2 — Za) 


By (1) the residue at, say, the pole z, is 


Res( f(z), 21) = lim (z aly 


ZZ 


a (ev?/4 = eni/4) (ent/4 = ebmi/4)(ent/4 = eti/4) . 


Then we face the daunting task of simplifying the denominator of the last 
expression. Finally, we must do this process three more times. 


lsVerjlelbre) @Metereyeesae)) We come now to the reason why the residue con- 


cept is important. The next theorem states that under some circumstances 
we can evaluate complex integrals $6 f(z) dz by summing the residues at the 
isolated singularities of f within the closed contour C. 


Figure 6.10 n singular points within 
contour C' 
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Theorem 6.16 Cauchy’s Residue Theorem 


Let D be a simply connected domain and Ca simple closed contour lying 
entirely within D. If a function f is analytic on and within C, except at 
a finite number of isolated singular points z1, 22, ..., Zn within C, then 


¢ f(z)dz = 2ni 5” Res (f(z), zx). (5) 
o k=1 


Proof Suppose C;, Co, ..., Cy, are circles centered at 21, Z2, ..., Zn; 
respectively. Suppose further that each circle C;, has a radius rz small enough 
so that C), Co,..., Cy, are mutually disjoint and are interior to the simple 
closed curve C. See Figure 6.10. Now in (20) of Section 6.3 we saw that 
$c, f(z) dz = 2m Res( f(z), z~), and so by Theorem 5.5 we have 


f feae= > £, F(z) dz = Bri Y Res(F(2) 2). 


EXAMPLE 4 Evaluation by the Residue Theorem 


1 
Evaluate ¢ (—12(¢—3) dz, where 


(a) the contour C is the rectangle defined by x = 0,7 =4, y=-l,y=1 


(b) and the contour C is the circle |z| = 2. 


Solution 


(a) Since both z = 1 and z = 3 are poles within the rectangle we have from 
(5) that 


1 
faery = 2M Res). 1) + Res 2) 3) 
We found these residues in Example 2. Therefore, 


fe eapeca & =" |(4) ‘| oY 


(b) Since only the pole z = 1 lies within the circle |z| = 2, we have from (5) 


§ coprecy aR =2ni ( i) = Fi. 
ee 


348 


Chapter 6 Series and Residues 


EXAMPLE 5 Evaluation by the Residue Theorem 


2z+6 
Evaluate ¢ fs 7 dz, where the contour C is the circle |z — 4| = 2. 
om 


Solution By factoring the denominator as z? + 4 = (z — 2i)(z + 27) we see 
that the integrand has simple poles at —2i and 27. Because only 2: lies within 
the contour C, it follows from (5) that 


ze 


¢ 2z+6 dz = 27i Res( f(z), 21). 
C 4 


. . 2z2+6 
But Hes (2) Be 2) ace a 
_64+4 3421 
~ At 
Hence, 2z +6 yea 
§ eo ae = ani ( F ) =n +20. 


——————— 


EXAMPLE 6 Evaluation by the Residue Theorem 


Evaluate ¢ —— dz, where the contour C is the circle |z| = 2. 
oc 24 +523 


Solution Writing the denominator as z+ + 5z3 = z3(z +5) reveals that the 
integrand f(z) has a pole of order 3 at z = 0 and a simple pole at z = —5. 
But only the pole z = 0 lies within the given contour and so from (5) and (2) 
we have, 


e* ; 1. = @ 
fh crpgg Ue = BriRes(f(2),0) = ani 5 lim F529 aoe 


a (22? +8z+17)e7 17r. 
= ri lim = i. 
20 (2 +5)8 125 


——————— 


EXAMPLE 7 Evaluation by the Residue Theorem 


Evaluate ¢ tan zdz, where the contour C is the circle |z| = 2. 
Cc 


Solution The integrand f(z) = tanz = sin z/cosz has simple poles at the 
points where cos z = 0. We saw in (21) of Section 4.3 that the only zeros cos z 


6.5 Residues and Residue Theorem 349 


are the real numbers z = (2n + 1)m/2, n = 0, £1, +2, ... . Since only —7/2 
and 7/2 are within the circle |z| = 2, we have 
¢ tan zdz = 2ni[Res (4), -*) + Res (f@), >) . 
. 2 2 
With the identifications g(z) = sin z, h(z) = cos z, and h’(z) = — sin z, we see 


from (4) that 


Res( f(2) a) sin(—7/2) oA 


2 —sin(—7/2) 
1 sin(7/2) 
: — =-1. 
on Res(f(2),5) = sin(r/2) 
Therefore, ¢ tan zdz = 27i[—1 — 1] = —47i. 
C 
Theorem 6.16 is applicable at an 9 Although there is no nice formula analogous to (1), (2), or (4), for com- 


li puting the residue at an essential singularity zo, the next example shows that 


Theorem 6.16 is still applicable at zo. 


| EXAMPLE 8 Evaluation by the Residue Theorem 


Evaluate ¢ e?/*dz, where the contour C is the circle |z| = 1. 
Cc 


Solution As we have seen, z = 0 is an essential singularity of the integrand 
f(z) = e?/* and so neither formulas (1) and (2) are applicable to find the 
residue of f at that point. Nevertheless, we saw in Example | that the Laurent 
series of f at z =0 gives Res( f(z), 0) = 3. Hence from (5) we have 


¢ e°/* dz = 2niRes(f(z), 0) = 2mi (3) = 6ri. 
Cc 


a 


DGD NOMS IS A Answers to selected odd-numbered problems begin on page ANS-20. 


In Problems 1-6, use an appropriate Laurent series to find the indicated residue. 
2 
I; = ——__——_; R 1 
f= eapexai RAV 
1 

2. f(z) = 2(1—2)3' Res(f(z), 0) 

4z-—6 

= =5) 


; Res(f(z), 0) 
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4. f(z) =(2+3)?sin (5) : Res(f(z),—3) 
5. f(z) =e-2/*: Res(f(z), 0) 


Zz 


6. f(z) = @=2)° Res(f(z), 2) 


In Problems 7-16, use (1), (2), or (4) to find the residue at each pole of the given 
function. 


7. f(z)= aaa 8. f(z) = ate 
9. f(z) = ete 10. f(z) = Sy 
Ds = eae 3) ae GET 
13. f(z) = Fao 14. f(z) = — 
15. f(z) = secz 16. f(2)= 


In Problems 17-20, use Cauchy’s residue theorem, where appropriate, to evaluate 
the given integral along the indicated contours. 


3 = 5 Cc z2\= 
7 § Gopeae @ll=2 ®) H=3 © FAl=3 
z+1 _ pake Sees 
18. tat” (a) |z|=1 (b) 2iJ=1 (c) 2i| = 4 
19. pte de (a) |z|=5 (b) |z+i]}=2 (c) |z-3/=1 
Cc 
ai cams (a) |z-2i =1 (b) [2-2] =3 (©) |2|=5 


In Problems 21-34, use Cauchy’s residue theorem to evaluate the given integral 
along the indicated contour. 


21. fev” C: |z—3i| =3 

22. tage ¢ |jz-2|=2 

23. fane C: |2| =2 

24. tomer” C: 16x? +y? =4 
25. tse C: |z| =2 


e* 
26. —.— dz, C: =3 
4222” 2 


Pe pe ae, C: |z-1)=2 
Cc Zz 


t 
28. $ = dz, C: |z| = 
Cc 


Nir 


22 
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29. $ cot 7z dz, C' is the rectangle defined by x 3 C= Tey Lyi 
C 


30. eet dz, C is the rectangle defined by x 2; @= 1, y $ y=1 


31. Cae “ =< =) dz, C: 4x? +y? = 16 


COS Z 


33. $ 4 dz, C is the semicircle defined by y = 0, y = V4 — x? 
cz 


34. eo dz, C: |z—1| =3 
Cc 


[Focus on Concepts on Concepts 


35. (a) Use series to show that z = 0 is a zero of order 2 of 1 — cos z. 


(b) In view of part (a), z = 0 is a pole of order two of the function 
f(z) = e*/(1 — cos z) and hence has a Laurent series 


e” a—2 Qa-1 


i ae err eae ) - +a9 +412 +4927 +--- 


valid for 0 < |z| < 2m. Use series for e* and 1—cos z and equate coefficients 
in the product 


a_2 a-1 
e* = (1 — cos z) ( 5 A tao +--+) 
z z 


to determine a—2, a—1, and ao. 


(c) Evaluate $ 
c 


—— dz, where C is |z| = 1. 
1—cosz 


36. Discuss how to evaluate $ 


1 
e'/* sin (2) dz, where C is |z| = 1. Carry out your 
C z 


ideas. 
37. Consider the function f(z) = z+ /(1— z1/?), where z1/? denotes the principal 
branch of the square root function. Discuss and justify your answer: Does f 


have a pole at z = 1? If so, find Res(f(z), 1). 


38. Residues can be used to find coefficients in partial fraction decompositions of 
rational functions. Suppose that p(z) is a polynomial of degree < 2 and that 
21, 22, and z3 are distinct complex numbers that are not zeros of p(z). Then 


= p(z) _ A B C 
f(2) (g-a)(2-2z2)\(2- 273) 2-2 2-22 2-23 


(a) Use (1) to show 


A = Res(f(z), 21) = (z1 — ae ~— 23) 
B = Res(f(z), z2) = p(z2) 


(22 — 21)(z2 — 23) 


C = Res(f(z), 23) = p(z3) 


(z3 — 21)(23 — 22)” 
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(b) Now use a Laurent series to prove that A = Res(f(z), 21). [Hint: The 
second and third terms, B/(z—2z2) and C/(z—z3), respectively, are analytic 
at z,. Also see (3) and (4) in Section 6.4.] 


39. Use Problem 38 to find the partial fraction decomposition of 
a 527 — 242 
1) = se Die= a 
40. If h(z) has a zero of order 1, it follows from (5) of Section 6.4 that h(z) = 
(z — 20) o(z), where ¢ is analytic at z = zo and ¢(zo) 4 0. With f(z) = 
g(z)/h(z), use (1) to derive (4): 


Res( f(z), 20) _ g(Zo) _ g(z0) ; 


41. If h(z) has a zero of order 2, it follows from (5) of Section 6.4 that h(z) = 
(z — 20)? @(z), where ¢@ is analytic at z = z and ¢(zo) #4 0. With f(z) = 
g(z)/h(z), use (2) with n = 2 to derive a formula analogous to (4) for 
Res(f(z), Zo) at a pole of order 2 at z = Zo. 


6.6 Some Consequences of the Residue Theorem 


In this section we shall see how residue theory can be used to evaluate real integrals of the 
forms 


a F (cos 0, sin 0) dé, (1) 
0 
[ f@«, (2) 
A f(x) cosaxdx and Ne f(x) sin ag daz, (3) 


where F in (1) and f in (2) and (3) are rational functions. For the rational function 
f(x) = p(x)/¢(a) im (2) and (3), we will assume that the polynomials p and q have no 
common factors. 

In addition to evaluating the three integrals just given, we shall demonstrate how to 
use residues to evaluate real improper integrals that require integration along a branch cut. 

The discussion ends with the relationship between the residue theory and the zeros of 
an analytic function and a consideration of how residues can, in certain cases, be used to 
find the sum of an infinite series. 


6.6.1 Evaluation of Real Trigonometric Integrals 


Integrals of the Form \ ae F (cos 6, sin 0)d0 (iutemeetstemte(r) 


here is to convert a real trigonometric integral of form (1) into a complex 
integral, where the contour C is the unit circle |z| = 1 centered at the origin. 
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To do this we begin with (10) of Section 2.2 to parametrize this contour by 
z=e 0<6< 27. We can then write 
i0 1 2,10 i0 _ 10 
€ 
ps, eepe 2 sages 
2 21 


The last two expressions follow from (2) and (3) of Section 4.3. Since dz = 
ied0 = izd0 and z-| =1/z =e", these three quantities are equivalent to 


_ dz _l -1 Say oe -1 
d= — cos8 = 5 (2 +2 ), sin@ = 5-(z—2 ). (4) 


The conversion of the integral in (1) into a contour integral is accomplished 
by replacing, in turn, d@, cos @, and sin@ by the expressions in (4): 


hF (G(e+ 2), (a- =) 2 


where C is the unit circle |z| = 1. 


EXAMPLE 1 A Real Trigonometric Integral 


20 
1 
Evaluate ——_— df. 
valuate [ (2 + cos 6)? 


Solution When we use the substitutions given in (4), the given trigonometric 
integral becomes the contour integral 


¢ 1 == 4 1 dz 
co (24+ 2(z+271))? tz ee 
2z 


Carrying out the algebraic simplification of the integrand then yields 


5 dz. 


7) z 
tla (22 +4241) 


From the quadratic formula we can factor the polynomial z? + 4z + 1 as 
2° 4+4z+1= (z—2)(z— 22), where 2; = —-2—/3 and z, = —2+/3. Thus, 
the integrand can be written 


2 Z 
(22+4z+4+1)?2? 9 (z—2)?(z— 22)?" 


Because only Z2 is inside the unit circle C, we have 


fer aeg ap © = Pri Resl M2. 


To calculate the residue, we first note that z2 is a pole of order 2 and so we 
use (2) of Section 6.5: 
Zz 


Res(f(z), z2) = lim Lae — 29)? f(z) = lim : : 


222 1Z zz dz (z — 21) 
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4 4 4 
Hence, “f : dz = ; - 2niRes( f(z), 21) = a QTi 


27 
and, finally, i : jo Ze 


1 
6V3 


6.6.2 Evaluation of Real Improper Integrals 


Integrals of the Form Ne SaCakena § Suppose y = f(z) is a real 


function that is defined and continuous 7 the interval [0, co). In elementary 
calculus the improper integral 1; = =o e x) dx is defined as the limit 


n= fo tote pf to (5) 


If the limit exists, the integral J; is said to be convergent; otherwise, it is 
divergent. The improper integral Jz = te f(a) dx is defined similarly: 


0 
Ih= [is f(x) dz = jim, pl x) da. (6) 


Finally, if f is continuous on (—oo, oo), then [°° f(x) dz is defined to be 


[i seac= fo severe [” s@ar=n +b (7) 


provided both integrals I; and Jj are convergent. If either one, Jy or Iz, is 
divergent, then line f(x) dx is divergent. It is important to remember that 
the right-hand side of (7) is not the same as 


Jim / y flavde+ | * #2) i] = Jim, / ‘ fayde. (8) 


For the integral [~~ f(x) dx to be convergent, the limits (5) and (6) must 
exist independently of one another. But, in the event that we know (a priori) 
that an improper integral (oe f(a) dx converges, we can then evaluate it by 
means of the single limiting process given in (8): 


fore) R 
[fara jim, f p(o)ae. (9) 


On the other hand, the symmetric limit in (9) may exist even though the im- 
proper integral i f(a) dx is divergent. For example, the integral toe x dx 


fA . : R : i 
is divergent since limp... f xdx = limp-+oo 4R? = oo. However, (9) gives 


R 
lim xdx = lim {R — (—R)?] =0. (10) 


Important observation about even @P 
functions 


Figure 6.11 Semicircular contour 
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The limit in (9), if it exists, is called the Cauchy principal value (P.V.) of 
the integral and is written 


oo R 
pv. [ fiLjae— jim, [t@ da. (11) 


In (10) we have shown that P.V.[° «dx = 0. To summarize: 


Cauchy Principal Value 


When an integral of form (2) converges, its Cauchy principal value is the 
same as the value of the integral. If the integral diverges, it may still 
possess a Cauchy principal value (11). 


One final point about the Cauchy principal value: Suppose f(a) is con- 
tinuous on (—oo, oo) and is an even function, that is, f(—a) = f(x). Then 
its graph is symmetric with respect to the y-axis and as a consequence 


[. f(x) dx = [ f(a) dx (12) 


sa [4 w= [Ho dws fo se) ee af 42) dx. (13) 


From (12) and (13) we conclude that if the Cauchy principal value (11) exists, 
then both 5° f(x) dx and [°. f(x) dx converge. The values of the integrals 


are 
[ ie ; pv. f Honda [. Ate Pe [. ide, 


To evaluate an integral [°° f(x) dx, where the rational function f(x) = 
p(x) /q(a) is continuous on (—oo, oo), by residue theory we replace x by the 
complex variable z and integrate the complex function f over a closed contour 
C that consists of the interval [—R, R] on the real axis and a semicircle Cr of 
radius large enough to enclose all the poles of f(z) = p(z)/q(z) in the upper 
half-plane Im(z) > 0. See Figure 6.11. By Theorem 6.16 of Section 6.5 we 
have 


R n 
fro dz ={ f(z) a+ fle) da Bat Res (2) 2 


where zz, k = 1, 2,. .. , n denotes poles in the upper half-plane. If we can 
show that the integral {(,, f(z) dz + 0 as R — ov, then we have 


ove) R n 
P.V. / f(a) dae = lim / : f(a) dx = Ini)” Res( f(z), 2). (14) 
=o ~~ k=1 
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| EXAMPLE 2 Cauchy P.V. of an Improper Integral 


oy 1 
Evaluate the Cauchy principal value of / G2 +1)? +9) dx. 
Pe ce x 
: Solution Let f(z) = 1/(22 +1)(z?7 +9). Since 
Cr (2? +1)(2? +9) = (2 —1)(z + 1)(z — 31)(z + 33), 


we take C be the closed contour consisting of the interval [—R, R] on the 
x-axis and the semicircle Cr of radius R > 3. As seen from Figure 6.12, 
-R R 


¢ : a= [ : : ac+ [ : d 
—__ ld = a ee ey 
Figure 6.12 Contour for Example 2 © (2? + 1)(2? + 9) aR (x? + 1)(a? + 9) Cr (2? F 1) (2? + 9) 

=+12 


and I, + Ig = 277i [Res( f(z), i) + Res( f(z), 32)]. 


At the simple poles z =i and z = 3i we find, respectively, 


: 1 ; 1 
Res(f(z), i) = 74 and Res(f(z), 31) = —7.-, 
1 1 T 
that I, +I = 2ni| — 4 we i 
so tha 1+. nil ( a) | a (15) 


We now want to let R — oo in (15). Before doing this, we use the 
inequality (10) of Section 1.2 to note that on the contour Cr, 


(22 +12 +9) | = [2 +1)-|2 +9] >|] -1]- | [2] —9] = (R? -(R? -1(R? - 9). 


Since the length L of the semicircle is 7R, it follows from the MZ-inequality, 
Theorem 5.3 of Section 5.2, that 


1 
I5| = d 
a) wanes ‘ 


This last result shows that |Iz| — 0 as R — ov, and so we conclude that 
limp—oo Ig = 0. It follows from (15) that limr.. 4, = 7/12; in other words, 


TR 
(A? = 1)(R? — 9) 


< 


te 1 os 1 ra 


T 
li dx = Pv. dx = =. 
Roof_p(a@+i(et+9 12” vf (@+1(@2+9 12 


— 


Because the integrand in Example 2 is an even function, the existence 
of the Cauchy principal value implies that the original integral converges to 
m/12. 
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It is often tedious to have to show that the contour integral along Cr 
approaches zero as R — oo. Sufficient conditions under which this behavior 
is always true are summarized in the next theorem. 


Theorem 6.17 Behavior of Integral as R — co 


p(z) 


Suppose f(z) = ren is a rational function, where the degree of p(z) is 
q(z 


n and the degree of g(z) is m 7 n+ 2. If Cr is a semicircular contour 
z= Re”, 0< 0 <7, then fy, f(z) dz + 0 as R— 00. 


In other words, the integral along Cp approaches zero as R — co when 
the denominator of f is of a power at least 2 more than its numerator. The 
proof of this fact follows in the same manner as in Example 2. Notice in that 
example, the conditions stipulated in Theorem 6.17 are satisfied, since degree 
of p(z) = 1 is 0 and the degree of q(z) = (z? + 1)(z2 +9) is 4. 


EXAMPLE 3 Cauchy P.V. of an Improper Integral 


[oe} 
1 
Evaluate the Cauchy principal value of / ay ae. 
oo 2 +1 


Solution By inspection of the integrand we see that the conditions given in 
Theorem 6.17 are satisfied. Moreover, we know from Example 3 of Section 
6.5 that f (z) = 1/(z4 +1) has simple poles in the upper half-plane at 2 = 


e™/4 and zp. = e?™'/4, We also saw in that example that the residues at these 
poles are 
ieee ond Pee 
4/2 4/2 4/2 4/2 
Thus, by (14), 
PV. [= <q de = 2mi [Res( f(z), 21) + Res( f(z), 2)] = a 


Since the integrand is an even function, the original integral converges to 


x [V2 


Integrals of the Form [ f(x) cosa adzx and 


An (x) sina x dx Because improper integrals of the form 


[ee) . . . . Ce . 
a f(x)sina «dx are encountered in applications of Fourier analysis, they 
often are referred to as Fourier integrals. Fourier integrals appear as the 
real and imaginary parts in the improper integral f°. f(a)e'** dx.? In view 


tSee Section 6.7. 
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of Euler’s formula e’** = cosax+ isin ax, where a is a positive real number, 
we can write 


i- flayeltae = f Fla) cosaarde +i f f(x) sin ax dx (16) 


whenever both integrals on the right-hand side converge. Suppose f(z) = 
p(x) /q(x) is a rational function that is continuous on (—co, oo). Then both 
Fourier integrals in (10) can be evaluated at the same time by considering 
the complex integral [., f(z)e'**dz, where a > 0, and the contour C again 
consists of the interval [—R, R] on the real axis and a semicircular contour 
Cr with radius large enough to enclose the poles of f(z) in the upper-half 
plane. 

Before proceeding, we give, without proof, sufficient conditions under 
which the contour integral along Cr approaches zero as R — oo. 


Theorem 6.18 Behavior of Integral as R — co 


p(2) 


Suppose f(z) = re) is a rational function, where the degree of p(z) is 


n and the degree of q(z) is m > n+ 2. If Cp is a semicircular contour 
z= Re”, 0<0<7,anda>0, then See f(z) edz 0as R- ow. 


EXAMPLE 4 Using Symmetry 
°° xsina 
dx. 
+9. 


Evaluate the Cauchy principal value of | 
0 


Solution First note that the limits of integration in the given integral are not 
from —oo to oo as required by the method just described. This can be remedied 
by observing that since the integrand is an even function of x (verify), we can 


write 
° esin x 1 (°° xsine 
dx = dx. 17 
| +9" i . my) 


With a= 1 we now form the contour integral 


z tz 
fame dz, 


where C’ is the same contour shown in Figure 6.12. By Theorem 6.16, 


z tz = t ix . iz : 
Z mm dz+ ag dx = 2ri Res(f(z)e'”, 31), 
i 2 


where f(z) = z/(z? +9), and 


Res (fe, 3i) = 


—R c R 


Figure 6.13 Indented contour 
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from (4) of Section 6.5. Then, from Theorem 6.18 we conclude 
Jon f(2e*dz > 0 as R — 00, and so 


[oe] —-3 
pv. [ Sie oe | ee 
99 749 2 3 


But by (16), 


ae F ° 2 Cos £ © xsin x T 
/ ; cde =f 5 dx 4 if ae dz = zt 
eo B+ 9 99 8 EY =e +9 e€ 


Equating real and imaginary parts in the last line gives the bonus result 


° 2 cos x ‘ esint | T 
pv. f P49 dz =0 along with P. vf 4g 9 @ = a (18) 


Finally, in view of the fact that the integrand is an even function, we obtain 
the value of the prescribed integral: 


HbatelcainceM@xeysineete-m § The improper integrals of forms (2) and (3) that 


we have considered up to this point were continuous on the interval (—oo, oo). 
In other words, the complex function f(z) = p(z)/q(z) did not have poles on 
the real axis. In the situation where f has poles on the real axis, we must 
modify the procedure illustrated in Examples 2-4. For example, to evaluate 
Jo. f(«) da by residues when f(z) has a pole at z = c, where c is a real 
number, we use an indented contour as illustrated in Figure 6.13. The 
symbol C;, denotes a semicircular contour centered at z = c and oriented in 
the positive direction. The next theorem is important to this discussion. 


Theorem 6.19 Behavior of Integral as r — 0 


Suppose f has a simple pole z = c on the real axis. If C’. is the contour 
defined by z = c+re”, 0<6< 7, then 


iit | +(Nde = athe He), O: 


r—0 


Proof Since f has a simple pole at z = c, its Laurent series is 
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Figure 6.14 Indented contour for 
Example 5 
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where a_; = Res(f(z), c) and g is analytic at the point c. Using the Laurent 
series and the parametrization of C;. we have 


re 


Tw 10 Tw : , 
| f(z)dz= af _ a+ ir | g(c+ re”) e?d9=I,4+Ip. (19) 
Cr 0 0 


First, we see that 


™ ire’? 2 
naa. 7 do =a | id0 = mia_, = vi Res(f(z),c). 
0 0 


re? 


Next, g is analytic at c, and so it is continuous at this point and bounded 
in a neighborhood of the point; that is, there exists an M > 0 for which 
|g(c + re’®)| < M. Hence, 


[J2| = 


ir | ale re) a0 < rf Mdé=rrM. 
0 0 


It follows from this last inequality that lim,—o|J2| = 0 and consequently 
lim;.+ol2 = 0. By taking the limit of (19) as r — 0, the theorem is 
proved. 


EXAMPLE 5 Using an Indented Contour 
Evaluate the Cauchy principal value of l : ea dx. 


Solution Since the integral is of the type given in (3), we consider the contour 
integral 


¢aaaa® 
co 2(z2—2z42) — 


The function f(z) = 1/z(z? — 2z+ 2) has a pole at z = 0 and at z =1+7 
in the upper half-plane. The contour C, shown in Figure 6.14, is indented at 
the origin. Adopting an obvious condensed notation, we have 


g=f, - I. + I. + - = 2ri Res(f(z)e’*,1+ 4), (20) 


where {_ 5 =—Jo. If we take the limits of (20) as R — 00 and as r — 0, it 
follows from Theorems 6.18 and 6.19 that 


pv. [ ae = =) da — mi Res(f(z)e’*,0) = 27 Res(f(z)e’*,1 +4). 


Now, 


Res(f(z)e’”, 0) er Res(f(z)e’*,1 +7) = (1 +3). 
2 4 
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Therefore, 


P.V a = d ie i ( (1+3) 
oss —_ a0 = TH } TL 2) Ys 
oo U(x? — 2a + 2) 2 4 


Using e~!** = e~'(cos1+ isin1), simplifying, and then equating real and 
imaginary parts, we get from the last equality 


av —_ dx = = e~'(sin1 + cos1) 
eg El 2 


xu? — 2a + 2) 
ee sin & T ae 
and pv. f a(a? — 20 + 3) dx = 5 lt + e~*(sin 1 — cos 1)]. 


Se eee 


6.6.3 Integration along a Branch Cut 


lSieele@e Iedeytain tp 4 —= 0)) In the next discussion we examine integrals 


of the form i f(a) dx, where the integrand f(x) is algebraic. But similar 
to Example 5, these integrals require a special type of contour because when 
f(x) is converted to a complex function, the resulting integrand f(z) has, in 
addition to poles, a nonisolated singularity at z = 0. Before proceeding, the 
reader is encouraged to review the discussion on branch cuts in Sections 2.6 
and 4.1. 

In the example that follows we consider a special case of the real integral 


oo a-l 
| “da, (21) 
0 


z+1 


where a is a real constant restricted to the interval 0 < a < 1. Observe 


that when a = 4 and x is replaced by z, the integrand of (12) becomes the 


multiple-valued function 


1 
zV/2(z4+1) a) 
The origin is a branch point of (22) since z!/? has two values for any z 4 0. 
If you envision traveling in a complete circle around the origin z = 0, starting 
from a point z = re’®, r > 0, you return to the same starting point z, 
but @ has increased by 27. Correspondingly, the value of z!/? changes from 
z\/? — \/re'®/? to a different value or different branch: 


22 = fp @ilO42m)/2 _ fy Gi8/Agim fp 8/2, 
Recall, we can force z!/? to be single valued by restricting @ to some interval of 
length 27. For (22), if we choose the positive x-axis as a branch cut, in other 


words by restricting 6 to 0 < @ < 27, we then guarantee that 21/? = \/r e#®/? 
is single valued. See page 126. 


Figure 6.15 Contour for Example 6 
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EXAMPLE 6 _ Integration along a Branch Cut 


— 1 
Eval ate ——— : 
— I Va(a+1) 


Solution First observe that the real integral is improper for two reasons. 
Notice an infinite discontinuity at « = 0 and the infinite limit of integration. 
Moreover, it can be argued from the facts that the integrand behaves like 
a—'/? near the origin and like «—*/? as x — oo, that the integral converges. 
We form the integral ¢ —_ dz, where C is the closed contour 
g 2A(2+1) 
shown in Figure 6.15 consisting of four components: C’. and Cp are portions 
of circles, and AB and ED are parallel horizontal line segments running along 
opposite sides of the branch cut. The integrand f(z) of the contour integral 
is single valued and analytic on and within C, except for the simple pole at 
z= —1=e. Hence we can write 


1 


or [. oe +f = 2iRes(f(2),-1). (23) 


Despite what is shown in Figure 6.15, it is permissible to think that the line 
segments AB and ED actually rest on the positive real axis, more precisely, 
AB coincides with the upper side of the positive real axis for which 0 = 0 and 
ED coincides with the lower side of the positive real axis for which 6 = 27. 
On AB, z = xe™, and on ED, z = ret)? = ge?, go that 


er) —1/2 : r ga i/2 R ga l/2 
| -[=& aaa | da = / da (24) 
ED R LE Ti Zs 1 R xv + 1 r DG. + 1 


ae pi aaa ga t/2 
and [- _— a Sef dx) =| hie (25) 


Now with z = re’ and z = Re’® on C, and Cp, respectively, it can be shown, 
by analysis similar to that given in Example 2 and in the proof of Theorem 
6.17, that J, > 0asr—0 and f+ 0as R— oo. Thus from (23), (24), 
and (25) we see that 


iim L. +f +f +f = 2riRes(f(2),—) 


R-0o 


is the same as 


2f ee) dx = 27i Res( f(z), —1). (26) 


Finally, from (4) of Section 6.5, 


Res(f(z),—1) = 27? =e 7/2 = -j 


z=et 
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and so (26) yields the result 


me 1 


6.6.4 The Argument Principle and Rouché’s Theorem 


PNearbaonmessetaetel(es Unlike the foregoing discussion in which the 


focus was on the evaluation of real integrals, we next apply residue theory to 
the location of zeros of an analytic function. To get to that topic, we must 
first consider two theorems that are important in their own right. 

In the first theorem we need to count the number of zeros and poles of a 
function f that are located within a simple closed contour C; in this counting 
we include the order or multiplicity of each zero and pole. For example, if 


(z—1)(z -9)4(z4+ 1)? 
(2? — 2z + 2)?(z — i)8(z + 61)? 


f(z) = (27) 


and C is taken to be the circle |z| = 2, then inspection of the numerator of f 
reveals that the zeros inside C are z = 1 (a simple zero) and z = —i (a zero of 
order or multiplicity 2). Therefore, the number No of zeros inside C is taken 
to be No = 1+ 2 = 3. Similarly, inspection of the denominator of f shows, 
after factoring z? — 2z +2, that the poles inside C are z = 1 —i (pole of order 
2), z= 1+ (pole of order 2), and z = 7 (pole of order 6). The number N, of 
poles inside C is taken to be N, = 2+2+6= 10. 


Theorem 6.20 Argument Principle 


Let C' be a simple closed contour lying entirely within a domain D. Sup- 
pose f is analytic in D except at a finite number of poles inside C, and 
that f(z) 4 0 on C. Then 


arr) 
Qnilo f(z) 


dz =No-—Np, (28) 


where No is the total number of zeros of f inside C and N,, is the total 
number of poles of f inside C’. In determining No and N,, zeros and poles 
are counted according to their order or multiplicities. 


Proof We start with a reminder that when we use the symbol {, for a 
contour, this signifies that we are integrating in the positive direction around 
the closed curve C. 

The integrand f’(z)/f(z) in (28) is analytic in and on the contour C 
except at the points in the interior of C where f has a zero or a pole. If 
zo is a zero of order n of f inside C, then by (5) of Section 6.4 we can write 
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f(z) = (2-20)"¢(z), where ¢ is analytic at zp and ¢(zo) 4 0. We differentiate 
f by the product rule, 


f'(z) = (z — 20)""(z) + n(z — 20)" * (2), 


and divide this expression by f. In some punctured disk centered at z 9, we 
have 


f) _ (e-20)"6(2) + nl — 4)" 142) _ (on 
fla) ~ Care) ce ae er 


The result in (29) shows that the integrand f’(z)/f(z) has a simple pole at 
zg and the residue at that point is 


Res (41) za) = lim (z 20) [OS . | 


(30) 


which is the order of the zero 29. 

Now if z, is a pole of order m of f within C, then by (7) of Section 6.4 
we can write f(z) = g(z)/(z— Zp)”, where g is analytic at z, and g(zp) 4 0. 
By differentiating, in this case f(z) = (z — z»)~""g(z), we have 


f(z) = (2- @)9'(z) — mz — Bm)" 92). 


Therefore, in some punctured disk centered at Zp, 


P(e) _ (2 ap)—Mal (2) — mlz — %)-™g(2) _ gl), —m 
fe (e— a)" 9(2) 0a = ee 


We see from (31) that the integrand f’(z)/f(z) has a simple pole at z,. Pro- 
ceeding as in (30), we also see that the residue at zp is equal to —m, which is 
the negative of the order of the pole of f. 

Finally, suppose that 2,,20,, ---, 20, and Zp,,%p., .-., Zp, are the 
zeros and poles of f within C and suppose further that the order of the 
zeros are N1,N2, ..., my, and that order of the poles are m1, m2, ..., Ms. 
Then each of these points is a simple pole of the integrand f’(z)/f(z) with 
corresponding residues 21,72, ..., Ny and —my, a ..., —ms. It follows 
from the residue theorem (Theorem 6.16) that $, f’(z) dz/f(z) is equal to 
277 times the sum of the residues at the ae 


§ Fay =i Snes (4 oak =o.) +3ore (4 2. an)| 
= 2ni Ds ne + 3 ma] = 2ni[No — Nj]. 
k=1 k=1 


Dividing by 277i establishes (28). By 
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To illustrate Theorem 6.20, suppose the simple closed contour is |z| = 2 
and the function f is the one given in (27). The result in (28) indicates that 
in the evaluation of ¢,, f’(z) dz/f(z), each zero of f within C contributes 27i 
times the order of multiplicity of the zero and each pole contributes 277 times 
the negative of the order of the pole: 


contribution contribution 
of zeros of f of poles of f 
1 ——<~__x a 
¢ ce dz = [2mi(1) + 2ni(2)]) + (2ni(—2) + 2ni(—2) + 2ni(—6)] = —147i. 
Cc 


\Wehvaegateyeteeteveu Why is Theorem 6.20 called the argument principle? 


This question may have occurred to you since no reference is made in the 
proof of the theorem to any arguments of complex quantities. But in point 
of fact there is a relation between the number No — Np, in Theorem 6.20 and 
arg (f(z)). More precisely, 


1 
No — Np = = [change in arg (f(z)) as z traverses C' once in the positive direction]. 
7 


This principle can be easily verified using the simple function f(z) = z? and 
the unit circle |z| = 1 as the simple closed contour C' in the z-plane. Because 
the function f has a zero of multiplicity 2 within C' and no poles, we have 
No—Nyp = 2. Now, if C is parametrized by z = e’®, 0 < @ < 2r, then its image 
C’ in the w-plane under the mapping w = z? is w = e’?9, 0 < @ < 27, which 
is the unit circle |w| = 1. As z traverses C' once starting at z = 1 (0 = 0) and 
finishing at z = 1 (0 = 27), we see arg (f(z)) = arg (w) = 20 increases from 0 
to 4x. Put another way, w traverses or winds around the circle |w| = 1 twice. 
Thus, 


1 1 
[change in arg(f(z)) as z traverses C' once in the positive direction] = 5 [4a — 0] = 2. 


Tv Tv 


isvejbleated-) @Malcejeesael) The next result follows as a consequence of the 


argument principle. The theorem is helpful in determining the number of 
zeros of an analytic function. 


Theorem 6.21 Rouché’s Theorem 


Let C' be a simple closed contour lying entirely within a domain D. 


Suppose f and g are analytic in D. If the strict inequality 
|f(z) — g(z)| < |f(z)| holds for all z on C, then f and g have the 
same number of zeros (counted according to their order or multiplicities) 
inside C. 


Proof We start with the observation that the hypothesis “the inequality 
| f(z) — g(z)| < |f()| holds for all z on C” indicates that both f and g have 
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no zeros on the contour C.. From | f(z) — g(z)| = |g(z) — f(z)|, we see that by 
dividing the inequality by |f(z)| we have, for all z on C, 


F(z) -1A <1, (32) 


where F(z) = g(z)/f(z). The inequality in (32) shows that the image C’ in 
the w-plane of the curve C under the mapping w = F'(z) is a closed path and 
must lie within the unit open disk |w — 1| < 1 centered at w = 1. See Figure 
6.16. As a consequence, the curve C’ does not enclose w = 0, and therefore 
1/w is analytic in and on C’. By the Cauchy-Goursat theorem, 


since w = F(z) and dw = F’(z) dz. From the quotient rule, 
f(@)g'(2) = 92) F') 


PO or 


we get F'(z) _ g'(2) F(z) 


Using the last expression in the second integral in (33) then gives 


/ y / / 
f[22-f2Jano oe f20unf Me 
clg) fl) c 9(2) c f(z) 
It follows from (28) of Theorem 6.20, with N, = 0, that the number of zeros 
of g inside C' is the same as the number of zeros of f inside C. 


EXAMPLE 7 Location of Zeros 


Locate the zeros of the polynomial function g(z) = z? — 8z7 +5. 


Solution We begin by choosing f(z) = z°® because it has the same number 
of zeros as g. Since f has a zero of order 9 at the origin z = 0, we begin 
our search for the zeros of g by examining circles centered at z = 0. In other 
words, if we can establish that |f(z) — g(z)| < |f(z)| for all z on some circle 
|z| = R, then Theorem 6.21 states that f and g have the same number of 
zeros within the disk |z| < R. Now by the triangle inequality (6) of Section 
1.2, 


|f(z) — 9(z)| = |29 — (29 — 827 + 5)| = [827 — 5] < 8|z|? +5. 


Also, |f(z)| = |z|?. Observe that | f(z) — g(z)| < |f(z)| or 8]z/? +5 < |z/° 
is not true for all points on the circle |z| = 1, so we can draw no conclusion. 
However, by expanding the search to the larger circle |z| = 2 we see 


f(z) - g(2)| < 8l2l? +5 =8 (8) +5 =23< (8) =|F(21 (34) 
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since eh = 38.44. We conclude from (34) that because f has a zero of order 


9 within the disk |z| < 3, all nine zeros of g lie within the same disk. 


By slightly subtler reasoning, we can demonstrate that the function g in 
Example 7 has some zeros inside the unit disk |z| < 1. To see this suppose 
we choose f(z) = —827+5. Then for all z on |z| = 1, 


If(2) — 9(2)| = |(-82? + 5) — (2° — 82? +5)| = |-2°] = |e? = ("= 1 (35) 
But from (10) of Section 1.2 we have, for all z on |z| = 1, 

If) = |-F(@)| = [822-5] > siz? -[-8]] =[8-5/=3. (86) 

The values in (35) and (36) show, for all z on |z| = 1, that 


If(z)- 92) < IF()I- 


3 ~~ +0.79), we can conclude from Theorem 6.21 that two zeros of g also 


lie within this disk. 
We can continue the reasoning of the previous paragraph. Suppose now 
we choose f(z) = 5 and |z| = . Then for all z on |z| = 5, 


Because f has two zeros within |z| < 1 (namely, 


f(z) — g(z)| = |B — (29 — 822 + 5)| = |-29 + 82?| < |z|® + 8]z|? = (4)? +2 © 2.002. 


“(n+3) + ni (n +3) + ni 


-(n +3) —ni (n+3)-ni 


Figure 6.17 Rectangular contour C’ 
enclosing poles of (37) 


We now have | f(z) — g(z)| < |f(2)| = 5 for all z on |z| = 5. Since f has 
no zeros within the disk |z| < 4, neither does g. At this point we are able 
to conclude that all nine zeros of g(z) = z? — 827 +5 lie within the annular 


region $ < |z| < 3; two of these zeros lie within $ < |z| <1. 


6.6.5 Summing Infinite Series 


\OfStveateele es In some specialized circumstances, the residues at the 


simple poles of the trigonometric function cot 7z enable us to find the sum of 
an infinite series. 

In Section 4.3 we saw that the zeros of sin z were the real numbers z = kz, 
k=0, +1, +2,... . Thus the function cot mz has simple poles at the zeros 
of sin 7z, which are mz = ka or z =k, k=0, +1, +2,... . If a polynomial 
function p(z) has (7) real coefficients, (ii) degree n > 2, and (#ii) no integer 
zeros, then the function 


T cot Tz 


(37) 


has an infinite number of simple poles z = 0, +1, +2, ... from cot mz 
and a finite number of poles zp,, Zp,, .--, Zp, from the zeros of p(z). The 
closed rectangular contour C' shown in Figure 6.17 has vertices (n + 4) + nt, 

(n | +) + nt, (n | $) ni, and (n+ 3) 


— ni, where n is taken large 


Chapter 6 Series and Residues 


enough so that C' encloses the simple poles z = 0, +1, +2,... , +n and all 
of the poles zp,, Zp,, --., Zp,- By the residue theorem, 
t ” t t 
f oi a dz =2ni| S~ Res (TORT, = k) + Res (a nm ts) . (38) 
G INS k=-n 


In a manner similar to that used several times in the discussion in Subsection 
6.6.2, it can be shown that ¢, mcot rz dz/p(z) — 0 as n — oo and so (38) 


becomes 0 = }> residues + 5> residues. That is, 
k J 


3 Res (TEE, k) = “ERs (“, ts): (39) 


k=—0o 


Now from (4) of Section 6.5 (with the identifications g(z) = acos7z/p(z), 
h(z) = sinrz, h'(z) = mcos7z), it is a straightforward task to compute the 
residues at the simple poles 0, +1, +2, ...: 


mT cot Tz t cos kr/p(k) 1 
k)= = : 
ne ( p(z) ? ) 7 cos kr p(k) 


By combining (40) and (39) we arrive at our desired result 


= il a T cot Tz 
> wy =P ( ve) tg) (41) 


(40) 


k=—co 


There exist several more summation formulas similar to 
(41). If p(z) is a polynomial function satisfying the same assumptions (7)—(iit) 
given above, then the function 


T CSC TZ 


f(2)= 42 

(2) = 75 (42) 
has an infinite number of simple poles z = 0, +1, +2,... from csc7z anda 
finite number of poles zp,, Zp,, .-., 2p, from the zeros of p(z). In this case 


it can be shown that 


> (-1 =-SoRe eo “n) his 


k=—oo p(k = 


In our last example we show how to use the result in (41) to find the sum 
of an infinite series. 


| EXAMPLE 8 Summing an Infinite Series 
1 


Find the sum of the series x aw 
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Solution Observe that if we identify p(z) = z2+4, then the three assumptions 
(4)-(4t2) preceding (37) hold true. The zeros of p(z) are +2i and correspond 
to simple poles of f(z) = 7 cot tz/(z? + 4). According to the formula in (41), 


= 1 T cot Tz : Tcot mz _. 
2 WH [es (=e, 2i) + Res (7% 21) (44) 


Now again by (4) of Section 6.5 we have 


Res (as = 2i) - mt cot 27% sa Bes e& TZ 2i) o mT cot 2ni 


Ai z+4? At 


The sum of the residues is (7/27) cot 277. This sum is a real quantity because 
from (27) of Section 4.3: 
m  cosh(—27) 


7 cot 2ri * coth2 
=—'CO' Tt = = cotn 477. 
2i 2i ( —isinh(—27)) 2 


Hence (44) becomes 


= 1 T 


This is not quite the desired result. To that end we must manipulate the 
summation )>;~ _,, in order to put it in the form 77°). Observe 


k=0 

term 
= 1 = tt Ol 
yD pra 2 ee 4 pier 


= if i .< 1 
=D CHrad ra B44 


BR 


ae 1 ul 1 
ora ea rr ee 


Finally, we obtain the sum of the original series by combining (45) with (46) 


y] 
CoO 


1 | loa 
= 22 Sete 
2 k2 44 44 i a 


and solving for 77° 9: 
Seoul 1 o« 
——_ = — + —coth2r. 47 
ded ra a 


With the help of calculator, we find that the right side of (47) is approximately 


0.9104. 
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DDO NOUS IS TS Answers to selected odd-numbered problems begin on page ANS-20. 


6.6.1 Evaluation of Real Trigonometric Integrals 


In Problems 1-12, evaluate the given trigonometric integral. 


Qn 1 20 1 
1, | ——_— do 2. ; ——_—— _ dé 
9 1+0.5sind 9 l0—6cosé 
Qn 
cos 0 
3. ——. do A. dé 
[ 3+ sin0 [- jax 
5. | ee [Hint: Let t = 27 — 01] 6. [ 
9 2-—cosé 0 ear Trsin?0" 
20 sD 20 
7. | sin* 0 dd 8. | cos? 6 
9 oO+4cosé 0 erry 
Qn Qr 
9. | eee 10. ) —______qp 
9 o—4cosé 0 cost 3sinO V3 
20 2 wT 
cos* 0 cos 30 
11. —— dd 12. ——_ do 
[ 2+ sind i. 5 — 4cosé 


In Problems 13 and 14, establish the given general result. Use Problem 13 to verify 
the answer in Example 1. Use Problem 14 to verify the answer to Problem 7. 


13. | ee a ee 
o (a4 7 


2n +2 
ua. | sin? 9 = 7" (a—- Va —B), a>b>0 
9 Ga b 


6.6.2 Evaluation of Real Improper Integrals 


In Problems 15-26, evaluate the Cauchy principal value of the given improper 


integral. 
a dh on 1 
15. ~~ Pate 16. > dr 
29742 oo U2 — 6x + 25 
co 1 co 7? 
17. Tat payee 18. = od 
ie oo (a +47 [. @ +1" 
i 1 bs x 
19. md 20. —— a 
ioe Tv 1)3 . i (2? TT 4)3 . 
om a — 1 a 1 
21. dx 22. > oT 
— /. (a? + 1)?(x? + 9) ss 
+1 en | 
0 +1 9 «°4+1 
a2 foe) a? 
25. d 26. d 
f. z+1 Jo eeesecr 
In Problems 27-38, evaluate the Cauchy principal value of the given improper 
integral. 
°° cos x “ cos 2x 
27. [| we 28. 2 ai 


° xsin x ° cosx 
29. d 30. ——~d 
| a+1 | (a? + 4)? ° 


—oco 
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cos 3x - sin x 
31. ee 32. _ sing 
fer _ 
3. [Se o,f” BaZa 
9 «+l ex 
“ cos & a xsing 
ae > oT dB 36. ___ eae _ 5, 
I. (x? + 1)(x? + 9) | (x? + 1)(x? + 4) 
c= i i i ia ix . 
37. / — dx [Hint: First substitute sinaz = (e’* —e )/2%, aioe 
oo E+4 
38. /. de [Hint: Consider e* /(z — 1).] 


In Problems 39-42, use an indented contour and residues to establish the Cauchy 
principal value of the given improper integral. 


39. Sauter eee AO. a, ee n(1—e7") 
ag: =a t(a? +1) 
" 1-—cosz T °° x cosaz ‘ : 
41. | —aa dt = 5 42. [. 3540 > Ten 2 sin 2] 


6.6.3 Integration along a Branch Cut 


In Problems 43-46, proceed as in Example 6 to establish the Cauchy principal value 


for the given improper integral. 
T 1 T 


co 1 co 
1. aren = J “a. | aernery = 3 


m4 / 7 [ a3 Qn 
45. dz = 46. dz = 
| (x? + 1)? 4/2 9 (x+1) 3/3 


In Problems 47 and 48, establish the Cauchy principal value for the given improper 


integral. Use Problem 47 to verify the answer in Example 6. Use Problem 48 to 
verify the answer to Problem 45. 


co a—l1 
ar. | i eee ero 
9 «+1 sin at 


ee m(1—a) 
48. dx = 1 3 1 
| (x? + 1)? a 4 cos(am/2)’ a 


Miscellaneous Real Integrals 


49. Use the contour C’ shown in Figure 6.18 to show that 


pv. [ Sg" hee ei. 
65, 1 er 


sinat 


Figure 6.18 Figure for Problem 49 
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50. The integral result [ ie e-? dx = \/z can be established using elelmentary cal- 


culus and polar coordinates. Use this result, the contour integral bo en? edz, 
and the contour C’ shown in Figure 6.19, to show that 


pv. | ae cosax dx = ag 
0 


Figure 6.19 Figure for Problem 50 


51. Discuss how to evaluate the Cauchy principal value of 


oo pani 
| dz, 0<a<l. 
9 «-l1l 


Carry out your ideas. 


52. (a) Use a graphics calculator or computer graphing program to plot on the 
same coordinates axes the graphs of sin@ and 26/m on the interval 
0 < 6 < 7/2. Explain in graphical terms the validity of the inequality 
sin @ > 20/7x on the interval 0 < @ < 7/2. Use this inequality to prove that 
for R > 0, 


n/2 Peixé or 
— sin dé a 
[ : =OR 


(b) Explain how the result in part (a) leads us to conclude that for R > 0, 
™ —Rsin@ Tw 
d0< —. 48 
| e <4 (48) 


The result in (48) is known as Jordan’s inequality, which is often use- 
ful when evaluating integrals of the form f[ — f(x) cosaxdxz and 


J. F(x) sin ax de. 


53. Reconsider the integral in Problem 39 along with the indented contour in Figure 
6.14. Use Jordan’s inequality in Problem 52 to show that Jor —0as R- oo. 


20 in 


54. Investigate the integral dé, |a| < 1, in light of the evaluation 


a—sin@ 
procedure outlined in Subsection 6.6.1. 


55. Use Euler’s formula as a starting point in the evaluation of the integral 
20 
| e°° *[cos(sin 0 — nO) + isin(sin 9 — n)| d0,n = 0,1,2,... . 
0 
56. From your work in Problem 55, discern the values of the real integrals 


Qn 20 
| °°? cos(sin@ — n@)d@ and 7 e°°*? sin(sin 9 — nd) dO. 
6 0 
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57. Suppose a real function f is continuous on the interval [a, b] except at a point 
c within the interval. Then the principal value of the integral is defined by 


pv. fs) de = lim if jens | f(a) ae], esd. 


e—0 Ghe 


dx. 


3 
Compute the principal value of | 
o &— 


58. Determine whether the integral in Problem 57 converges. 


6.6.4 The Argument Principle and Rouché’s Theorem 


In Problems 59 and 60, use the argument principle in (28) of Theorem 6.20 to 


/ 
evaluate the integral $ f is dz for the given function f and closed contour C. 
cf 
59. f(z) = 2° — 2iz* + (5 — i)z* + 10, C encloses all the zeros of f 


(z — 3iz — 2)? 


(eo 8e — 77, Cis lal = 2 
2(z? — 2z 42) ae 


60. f(z) = 
In Problems 61-64, use the argument principle in (28) of Theorem 6.20 to evaluate 
the given integral on the indicated closed contour C’. You will have to identify f(z) 


and f’(z). 


2 1 
ou. f ZF * az, Cis |2|=2 62. f 7 de, Cis |e =3 
ce +z co zt+a4 
63. cot zdz, C is the rectangular contour with vertices 10 +7, —4+ i, —4—i, 
C 
and 10 —i. 


64. $ tan mz dz, C is |z—1| =2 
c 
65. Use Rouché’s theorem (Theorem 6.21) to show that all seven of the zeros of 
g(z) = 2" +1023 + 14 lie within the annular region 1 < |z| < 2. 


66. (a) Use Rouché’s theorem (Theorem 6.21) to show that all four of the zeros of 
g(z) = 4z* + 2(1 — i)z +1 lie within the disk |z| < 1. 


(b) Show that three of the zeros of the function g in part (a) lie within the 
annular region $ < |z| < 1. 


67. In the proof of Theorem 6.21, explain how the hypothesis that the strict in- 
equality | f(z) — g(z)| < |f(z)| holds for all z on C implies that f and g cannot 
have zeros on C. 


6.6.5 Summing Infinite Series 


68. (a) Use the procedure illustrated in Example 8 to obtain the general result 


> s ee age coth am 
= k2+a2 2a? ° 2a , 


(b) Use part (a) to verify (47) when a = 2. 


1 


(c) Find the sum of the series S- Pal 
k=0 


374 Chapter 6 Series and Residues 


In Problems 69 and 70, use (41) find the sum of the given series. 


= 1 ~ 1 

69. ——_ 70. eS 
Le (2k — 1)? ) TG TIGRE 
k=1 k=0 

In Problems 71 and 72, use (43) find the sum of the given series. 

nS 1, So 
i aa <& (2k + 1)8 


73. (a) Use (41) to obtain the general result 


where a £0, +1, +2,... 
(b) Use part (a) to verify your answer to Problem 69. 
74. (a) Use (43) to obtain the general result 


5. (-1)* _ r’cosra 


(k +a)? sin? ra ’ 


k=—0o 


where a £0, +1, +2,... 


(b) Use part (a) to verify your answer to Problem 71 


6.7 Applications 


In other courses in mathematics or engineering you may have used the Laplace transform 
of a real function f defined for t > 0, 


¥ {F(t} = i * e-* f(t) at. (1) 


In the application of (1) we face two problems: 


(4) The direct problem: Given a function f(t) satisfying certain conditions, find its Laplace 
transform. 


When the integral in (1) converges, the result is a function of s. It is common practice 
to emphasize the relationship between a function and its transform by using a lowercase 
letter to denote the function and the corresponding uppercase letter to denote its Laplace 
transform, for example & {f(t)} = F(s), L {y(t)} = Y(s), and so on. 


(ii) The inverse problem: Find the function f(t) that has a given transform Fs). 


The function F(s) is called the inverse Laplace transform and is denoted by 
LF (s)}. 

The Laplace transform is an invaluable aid in solving solve certain kinds of applied 
problems involving differential equations. In these problems we deal with the transform 
Y(s) of an unknown function y(t). The determination of y(t) requires the computation of 
L£-1{Y(s)}. In the case when Y(s) is a rational function of s, you may recall employing 
partial fractions, operational properties, or tables to compute this inverse. 
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We will see in this section that the inverse Laplace transform is not merely a symbol but 
actually another integral transform. The reason why you did not use this inverse integral 
transform in previous courses is that it is a special type of complex contour integral. 

We begin with a review of the notion of integral transform pairs. The section concludes 
with a brief introduction to the Fourier transform. 


inca Ne-VetjieeesM Suppose f(z, y) is a real-valued function of two 


real variables. Then a definite integral of f with respect to one of the variables 
leads to a function of the other variable. For example, if we hold y constant, 
integration with respect to the real variable x gives fp A4ry*dx = 6y?. Thus 
a definite integral such as F(a) = bh f(a) K(a, x) dx transforms a function f 
of the variable x into a function F' of the variable a. We say that 


b 
F(a) = | f(a) K(a, x) dx (2) 


is an integral transform of the function f. Integral transforms appear in 
transform pairs. This means that the original function f can be recovered 
by another integral transform 


d 
f(a) = i F(a)H(a, 2) do, (3) 


called the inverse transform. The function A (a, x) in (2) and the function 
H(a, x) in (3) are called the kernels of their respective transforms. We 
note that if a@ represents a complex variable, then the definite integral (3) is 
replaced by a contour integral. 


AM item Protec Recvisteweem Suppose now in (2) that the symbol a is 


replaced by the symbol s, and that f represents a represents a real function’ 
that is defined on the unbounded interval [0, co). Then (2) is an improper 
integral and is defined as the limit 


oo b 
| K(s,t) f(t) dt = jim K(s,t) f(t) dt. (4) 

0 oo JQ 
If the limit in (4) exists, we say that the integral exists or is convergent; if the 
limit does not exist the integral does not exist and is said to be divergent. The 
choice K(s,t) = e~*’, where s is a complex variable, for the kernel in (4) gives 
the Laplace transform & {f(t)} defined previously in (1). The integral that 
defines the Laplace transform may not converge for certain kinds of functions 
f. For example, neither & {e"} nor & {1/t} exist. Also, the limit in (4) will 

exist for only certain values of the variable s. 


8On occasion f(t) could be a complex-valued function of a real variable t. 


I 
i] 
| 
| ! 
t 


t t 
| a 


| 
| | } 
1 ty fsb 


Figure 6.20 Piecewise continuity on 
[0, 00) 


Me“(c > 0) 


y = fb 


Figure 6.21 Exponential order 


4 
t 


Figure 6.22 f(t) 


exponential order c = 0. 


= cost is of 
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EXAMPLE 1 Existence of a Laplace Transform 
The Laplace transform of f(t) = 1, t > 0 is 


oo b 
Piit= eae = lie fe de 
boo (0) 
nest b ce —sb 
= lim = lim ——* (5) 
boo Ss 0 b—0o Ss 


If s is a complex variable, s = x + iy, then recall 


—sb 


e % — e—"* (cos by + isin by). (6) 


From (6) we see in (5) that e~*® > 0 as b > oo if x > 0. In other words, (5) 


i 
gives £ {1} = -, provided Re(s) > 0. 
s 


DeinNemOmAMeCARS Conditions that are sufficient to guarantee 


the existence of f {f(t)} are that f be piecewise continuous on [0, 00) and 
that f be of exponential order. Recall from elementary calculus, piecewise 
continuity on [0, 00) means that on any interval there are at most a finite 
number of points t;, k = 1, 2, ..., n, tp_1 < ty, at which f has finite 
discontinuities and is continuous on each open interval t,_1 < t < tp. See 
Figure 6.20. A function f is said to be exponential order c if there exist 
constants c, M > 0, and T > 0 so that | f(t)| < Me, for t > T. The 
condition | f(t)| < Me“ for t > T states that the graph of f on the interval 
(T, co) does not grow faster than the graph of the exponential function Me“. 
See Figure 6.21. Alternatively, e~“| f(t) | is bounded; that is, e~“| f(t) | < M@ 
for t > T. As can be seen in Figure 6.22, the function f(t) = cost, t > 0 
is of exponential order c = 0 for t > 0. Indeed, it follows that all bounded 
functions are necessarily of exponential order c = 0. 


Theorem 6.22 Sufficient Conditions for Existence 


Suppose f is piecewise continuous on [0, oo) and of exponential order c 
fort > T. Then & {f(t)} exists for Re(s) > c. 


Proof By the additive interval property of definite integrals, 


T [oe] 
LF} = | e* F(t) dt + ‘8 e-** f(t) dt = y+ ly. 


The integral J; exists since it can be written as a sum of integrals over intervals 
on which e~ * f(t) is continuous. To prove the existence of Iz, we let s be a 
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complex variable s = x + iy. Then using |e~**| = |e~*’(cos yt — isin yt)| = 
e—*' and the definition of exponential order that | f(t)| < Me“, t > T, we 
get 


inl < | ject f(e) [at <M f e edi 
2 T 


oo —(a—c)t |P° —(a—c)T 
~ a | e~(@-tgt = —M2—__] = m=___ 
ia zZ—c |p r—c 
for « = Re(s) > c. Since f° Me~‘*-°'dt converges, the integral 


Jp |e~*' f(t) |dt converges by the comparison test for improper integrals. 
This, in turn, implies that Ij exists for Re(s) > c. The existence of I, and Ig 
implies that F {f(t)} = Jo° e~*' f(t) dt exists for Re(s) > c. gy 


With the foregoing concepts in mind we state the next theorem without 
proof. 


Theorem 6.23 Analyticity of the Laplace Transform 


Suppose f is piecewise continuous on [0, co) and of exponential order c 
for t > 0. Then the Laplace transform of f, 


[ e * f(t) dt 


is an analytic function in the right half-plane defined by Re(s) > c. 


The Inverse Laplace Transform JBN ita Utcocum yams le 


cates that the complex function F'(s) is analytic to the right of the line x = c 
in the complex plane, F'(s) will, in general, have singularities to the left of 
that line. We are now in a position to give the integral form of the inverse 
Laplace transform. 


Theorem 6.24 Inverse Laplace Transform 


If f and f’ are piecewise continuous on [0, oo) and f is of exponential 
order c for t > 0, and F(s) is a Laplace transform, then the inverse 
Laplace transform &£ ~'{F(s)} is 


yt+iR 


f(t) = L{F(s)} = = jim fe (8) ds, (7) 


Tt R00 eR 


where y > ¢. 


378 


Figure 6.23 Possible contour that 
could be used to evaluate (7) 
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The limit in (7), which defines a principal value of the integral, is usually 
written as 


Y+ico 
f(t) = £L-HF(s)} =a e'F(s) ds, (8) 


DW Jose 


where the limits of integration indicate that the integration is along the in- 
finitely long vertical-line contour Re(s) = a = y. Here ¥ is a positive real 
constant greater than c and greater than all the real parts of the singularities 
in the left half-plane. The integral in (8) is called a Bromwich contour inte- 
gral. Relating (8) back to (3), we see that the kernel of the inverse transform 
is H(s,t) =e /2at. 

The fact that F(s) has singularities s1, s2,.. . , 8, to the left of the line 
x = y makes it possible for us to evaluate (7) by using an appropriate closed 
contour encircling the singularities. A closed contour C that is commonly 
used consists of a semicircle Cz of radius R centered at (y, 0) and a vertical 
line segment Lp parallel to the y-axis passing through the point (7, 0) and 
extending from y = y-—iR toy =y+iR. See Figure 6.23. We take the radius 
R of the semicircle to be larger than the largest number in set of moduli of 
the singularities {|s1|,|s2|, ..., |5,|}, that is, large enough so that all the 
singularities lie within the semicircular region. With the contour C’ chosen in 
this manner, (7) can often be evaluated using Cauchy’s residue theorem. If 
we allow the radius R of the semicircle to approach oo, the vertical part of 
the contour approaches the infinite vertical line that is the contour in (8). 

We use the contour just described in the proof of the following theorem. 


Theorem 6.25 Inverse Laplace Transform 


Suppose F'(s) is a Laplace transform that has a finite number of poles 
$1, $2, ---, Sn to the left of the vertical line Re(s) = y and that C is the 
contour illustrated in Figure 6.23. If sF'(s) is bounded as R — oo, then 


Ss ae Ca > Res (e*F(s), 8x). (9) 


c= 


Proof From Figure 6.23 and Cauchy’s residue theorem, we have 


i e*' F(s) ds +f e*' F(s) ds = 2ni>” Res (e* F(s), sx) 
Cr Lr k=l 
1 “— st . st 1 st 
or 5-5 e* F(s) ds = 5” Res (e*'F(s), 8%) - = e*'F(s)ds. (10) 
271 JiR = T 
The theorem is justified by letting R — co in (10) and showing that 
jim Jon Cv F(s)ds = 0. Now if the semicircle Cr is parametrized by 
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s= 7+ Re”, 1/2 <6 < 37/2, then ds = Rie’*d0 = (s — y)id0, and so, 


1 1. ow i 
—_| e*F(s)ds = — evtt Rte” Fy + Re) Rie do 
271 Ip 201 Se /2 

1 t Lyf yt+Rte'? id io 
—|/ e%F(s)ds| < — jertrete'| |p )| | Rie®|\d0. (11 
= [« (s) ds .. e |F(7 + Re’’)| |Rie”* |d (11) 


To find an upper bound for the expression in (11) we examine the three moduli 
of the integrand of the right-hand side. First, 


| since er sind =F 


ieee 


Jette t(co O6+isin@)) _ evteht cos 0 ; 


Next, for |s| sufficiently large, we can write 
| Rie’? | = |s— | |e] < |s| + ly] < |s] +|s| = 2|s| and |sF(s)| <M. 


The first of these two inequalities follows from the triangle inequality, and 
the second from the hypothesis that sF'(s) is bounded as R — oo. Thus the 
inequality in (11) continues as 


| e*' F(s) ds 
CR 


If we let 6 = ¢+7/2, then the integral on the right-hand side of (12) becomes 
Jo es” dd. Because the integrand is symmetric about the line 0 = 1/2, 
we have 


1 


Qn 


M 31/2 
< aon | et cos 9 ay (12) 
W m/2 


T ; m/2 ; 
| e Ft sin %dd = 2f e Résin °dd. (13) 


0 0 


Now since sin ¢ > 2¢/7,* it follows that 


n/2 T 


) Rt 


m/2 m/2 
2/ e Rtsinodg < 2f e~2Rto/™ ay = _ 2 .-2Rte/m 


Thus (11), (12), (13), and (14) together give 
1 


Me™ ee 
pales a | Se 
= a Lee. (15) 


/ e*' F(s) as < 
Cr 


Since the right-hand side of (15) approaches zero as R — oo for t > 0 we 
conclude that jim Jone F (s) ds = 0. Finally, as R — oo we see from (10) 


that 


271 


= . fo ” 
LU{F(s)} = = / e'F(s)ds= 5. Res (eF(s), sx). 


==00 k=1 


*See Problem 52 in Exercises 6.6. 
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Figure 6.24 Contour for inversion 
integral (7) for t <0 
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EXAMPLE 2. Inverse Laplace Transform 


1 
Evaluate g{a}, Re(s) > 0. 


Solution Considered as a function of a complex variable s, the function 
F(s) = 1/s° has a pole of order 3 at s = 0. Thus by (9) and (2) of Section 
6.5: 


ie 
a Qs 0ds2. 


st 


i, 
= —lim t?e** 
s—0 


Those readers familiar with the Laplace transform recognize that the an- 
swer in Example 1 is consistent (for n = 2) with the result f {t"} = n!/s"*! 
found in all tables of Laplace transforms. 

The Laplace transform (1) utilizes only the values of a function f(t) for 
t > 0, and so f is often taken to be 0 for t < 0. This is no major handicap 
because the functions we deal with in applications are for the most part defined 
only for t > 0. Although we shall not delve into details, the inversion integral 
(7) can be derived from a result known as the Fourier integral formula. In 
that analysis it is shown that 


1 ytioco 


Qni 


t), t>0 
e™ F(s)ds = f) (16) 
yoo 0, t<0. 


This result is hinted at in the proof of Theorem 6.25. Notice from (15) that 
the conclusion lim Jon CF (s) ds = 0 is not valid for t < 0. However, if 


we close the contour to the right for t < 0, as shown in Figure 6.24, then 
1 +100 


ria) y—ic© 
in the next example. 


e* F(s) ds = 0, which is consistent with (16). We use these results 


EXAMPLE 3_ Inverse Laplace Transform 


—2s 
Evaluate oA) \ Re(s) > 3. 


e 


(s —1)(s —3) 


Solution Before we calculate the residues at the simple poles at s = 1 and 
8s = 3, we note, after combining the two exponential functions and replacing 
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the symbol t by t — 2, that (16) gives 


1 dae s(t—2) t), t-2>0 
i e f(t) (17) 
4 


= ds = 
2nt Jy-io (8— 1)(s — 3) i, f2<0. 
Thus from (17), (9), and (1) of Section 6.5, 


10 = 2 e—H} ~B8(“G Tew) +8 (“He H") 


s(t—2) 


é€ e 
=e Ii 
me UG eas a Ge 8) 
Lge, Lapa) 
= ae + he : 


In other words, 


—het-2 4 163-2), > 9 
f= 4 ? : (18) 
0, t<2. 


—— 


In the study of the Laplace transform the unit step function, 


AL(t—a)= 4 © 


0, t<a 


t>a 


proves to be extremely useful when working with piecewise continuous func- 
tions. The discontinuous function in (18) can be written as 


f(t) = Se Q(t — 2) + ZOOL (E — 2), 


Suppose now that f (x) is a real function defined 


on the interval (—oo, oo). Another important transform pair is the Fourier 
transform 


Bt@}= f  fle)elrde = Fla) (19) 
and the inverse Fourier transform 
FF (@)} = xf Flalen**da= fle) (20) 


Matching (19) and (20) with (2) and (3), we see that the kernel of the Fourier 
transform is K(a, «) = e’**, whereas the kernel of the inverse transform is 
H(a, x) = e~*** /27. In (19) and (20) we assume that a is a real variable. 
Also, observe that in contrast to (7), the inverse transform (20) is not a 
contour integral. 
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| EXAMPLE 4 Fourier Transform 


Find the Fourier transform of f(x) = e7!*!. 


Solution The graph of f, 


1 e*, «<0 
f(a) = (21) 


? 
e*, £>0 


| x 


is given in Figure 6.25. From the expanded definition of f in (21), it follows 


from (19) that the Fourier transform of f is 
Figure 6.25 Graph of f in Example 4 


0 oe) 
S{f(x)} = / ere dr +f é te!" de = 1) +d. (22) 
—oo 0 


We shall begin by evaluating the improper integral Jz. One of several ways of 
proceeding is to write: 


b 


b : —2x(1—ai) —b(1-ai) _ 1 
Ig = lim e @-e) dr = lim - = lim cea eke: 
b—00 0 bc0 ai-—l 0 b— co ai—1 
1 
=— lim [e~’ cos ba + ie~? sin ba — 1] = ae 
ai —1 b-00 1—-—ai 


Here we have used limy_.., e~° cos ba = 0 and limp_,, e~’ sin ba = 0 for b > 0. 
The integral J; can be evaluate in the same manner to obtain 
1 


i= . 
: 1l+ai 


Adding I, and Ig gives the value of the Fourier transform (22): 


1 1 2 
Tea: MOS Tae 


—— 


| EXAMPLE 5 Inverse Fourier Transform 


Find the inverse Fourier transform of F(a) = Tra 
a 


Solution The idea here is to recover the function f in Example 4 from the 
inverse transform (20), 


SR @= pf peda = Fe) (23) 


oo 1 +a? 


To evaluate (23), we let z be a complex variable and introduce the contour 


integral e "dz. Note that the integrand has simple poles at 


c (1+ 2*) 


Figure 6.26 First contour used to 
evaluate (23) 


Figure 6.27 Second contour used to 
evaluate (23) 
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z = +i. From here on the procedure used is basically the same as that used 
to evaluate trigonometric integrals in the preceding section by the theory of 
residues. The contour C’ shown in Figure 6.26 encloses the simple pole z = 7 
in the upper plane and consists of the interval [—R, R] on the real axis and 
a semicircular contour Cr, where R > 1. Formally, we have 


1 —izx . 1 —izxe ¢ & 
i esoe dz = 277i Res spe 5 i =e. (24) 


Obviously the result in (24) is not the function f that we started with in 
Example 4. A more detailed analysis in this case would reveal that the contour 
integral along Cr approaches zero as R — oo only if we assume that x < 0. 
In other words, the answer in (24) is actually e”, x < 0. 


1 
If we consider ¢ = 
o (1 + 2?) 
it can be shown that the integral along Cp now approaches zero as R — oo 
when x is assumed to be positive. Hence, 


e*"dz, where C is the contour in Figure 6.27, 


| 1 . 
f m(1+ a ee (= + Bye ‘ ee 


Note the extra minus sign appearing in front of the factor 277i on the 
right side of (25). This sign comes from the fact that on C' in Figure 6.27, 


bo=Jon +fa = Ion a ie = 27i Res(z = —i). As R > ow, Son 7 0 for 
x > 0, we then have — Jim Jon= 2QriRes(z = —i) or jim fop= 
— 2ni Res(z = —i). By combining (23), (24), and (25), we arrive at 


L Pe. 2 e*, «<0 
FUR (@)}= sf get da = 
T doe l+a e*,x>0 


which agrees with (21). Note that when xz = 0 in (23) conventional integration 


gives the value 1, which is f(0) in (21). 


(4) The two conditions of piecewise continuity and exponential order are 
sufficient but not necessary for the existence of F(s) = L {f(t}. 
For example, the function f(t) = t~!/? is not piecewise continuous 
on [0, co) (Why not?); nevertheless Sf {t-1/?} exists. 
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(ii) We have assumed that F(s) has a finite number of poles in the 
complex plane. This is usually the case when F'(s) arises from the 
solution of an ordinary differential equations. In the solution of 
applied problems involving a partial differential equation it is not 
uncommon to obtain a function F(s) with an infinite number of 
poles. Although the proof of Theorem 6.19 is not valid when F’(s) 
has an infinite number of poles in the left half-plane Re(s) < c, the 
result stated in the theorem is valid. In this case the value of the 
integral is an infinite series obtained from the infinite sum of the 
residues. 


(iii) Although we have illustrated the use of (1) when the singularities of 
F(s) are poles, its principal use is to compute inverse transforms of 
more complicated functions such as F'(s) = (s? + a?)~1/?. 


(iv) We did not mention conditions under which the Fourier transform 
(19) of a function f(x) exists. These conditions are considerably 
more demanding than those stated for the existence of the Laplace 
transform. For example, & {1} = 1/s but §{1} does not exist. For 
more information on the theory and applications of the Fourier inte- 
gral you are urged to consult texts on Fourier analysis or advanced 
engineering mathematics.* 


DDG DINOS DS 6 Answers to selected odd-numbered problems begin on page ANS-21. 


In Problems 1-4, find the Laplace transform of the given function. Determine a 
condition on s that is sufficient to guarantee the existence of F(s) = L {f(t)}. 


1. fe" 2. f(t) = eb 24808 

3. f(t) =sin3t 4. f(t) =e' cost 

5. Generalize the result in Problem 1 and state of condition on s that is sufficient 
to guarantee the existence of f {eh} when k is a real constant. 


6. Generalize the result in Problem 2 and state of condition on s that is sufficient 
to guarantee the existence of & {e*'} when k is a complex constant. 


7. The Laplace transform is a linear transformation; that is, for constants a and (3, 


SL {a ft) + Bot} = oF {f(t} + BL {9(t)} 


TSee Advanced Engineering Mathematics, 24 Edition, by Dennis G. Zill and Michael 
R. Cullen, Jones and Bartlett Publishers. 
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whenever both transforms exist. Use the linearity defined above along with the 
definitions 


kt —kt kt —kt 
sinh kt = — 3 cosh kt = — 


k a real constant, to find F {sinh kt} and & {cosh kt}. 


8. State a condition on s that is sufficient to guarantee the existence of the Laplace 
transforms in Problem 7. 


In Problems 9-18, use the theory of residues to compute the inverse Laplace trans- 
form &~'{F(s)} for the given function F(s). 
1 


9. — 10. —_ 
8 (s —5)8 
1 8 
11. 12. ———_; 
s2+4 (s? + 1)? 
1 1 
13. ——~ 14. ——.—_{ 
s?—3 (s—a)? +b? 
e eo? 
15. 16. ——,; 0 
Pobre fe” Gap 
—— ee 
st—1 s?+6s+11 


In Problems 19 and 20, find the Fourier transform (19) of the given function. 


0, z<0 sinz, |x| <7 
19. f(x) = 20. f(x) = 
e”, «>0 0, |z| > 7 
21. Use the inverse Fourier transform (20) and the theory of residues to recover the 
function f in Problem 19. 
22. The Fourier transform of a function f is F(a) = qo Use the inverse 
—i 


Fourier transform (20) and the theory of residues to find the function f. 


[Focus on Concepts| on Concepts 


23. For the result obtained in Problem 8, find values of y that can be used in the 
inverse transform (7). 


24. (a) If F(a) is the Fourier transform of f(a), then the function |F'(a)| is called 
the amplitude spectrum of f. Find the amplitude spectrum of 


1, |a| <1 


0, Jal) >1 


f(x) = 


Graph |F'(a)|. 


(b) Do some additional reading and find an application of the concept of the 
amplitude spectrum of a function. 


Hie << 1 
25. Find the Fourier transform of f(x) = . Discuss how to 


0, «<Oorxe>1 
find the inverse Fourier transform (20). 
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Projects 


26. In the application of the Laplace transform to problems involving partial dif- 
ferential equations, one often encounters an inverse such as 


Had - 24 sinh es \. 


(s? + 1)sinhs 


Investigate how (8) and (9) can be used to determine f (x,t). 


CHAPTER 6 REVIEW QUIZ Answers to selected odd-numbered problems begin 
on page ANS-21. 


In Problems 1—20, answer true or false. If the statement is false, justify your answer 
by either explaining why it is false or giving a counterexample; if the statement is 
true, justify your answer by either proving the statement or citing an appropriate 
result in this chapter. 
1. For the sequence {zn}, where z, = i” = &n + iyn, Re(Zn) = &n = cos(n7/2) 
and Im(zn) = yn = sin(n7/2). 


2. The sequence {i”} converges. 


3. limp soo (+4) =i: 


4. limn—oo Zn = 0 if and only if limn—oo |zn| = 0. 


k 
5. The power series =. ol converges absolutely at every point on its circle of 


k=1 k? 
convergence. 


6. There exists a power series centered at zo = 1+7 that converges at z = 25 — 4i 
and diverges at z = 15 4 211. 


7. A function f is analytic at a point zo if f can be expanded in a convergent 
power series centered at Zo. 


8. Suppose a function f has a Taylor series representation with circle of conver- 
gence |z— z| = R, R > 0. Then f is analytic everywhere on the circle of 
convergence. 

9. Suppose a function f has a Taylor series representation centered at zo. 

Then f is analytic everywhere inside the circle of convergence |z — zo| = R, 
R> 0, and is not analytic everywhere outside |z — zo| = R. 


10. If the function f is entire, then the radius of convergence of a Taylor series 
expansion of f centered at z) = 1 —7 is necessarily R = oo. 


11. Both power series 


and 


converge at z = 0.86 — 0.522. 
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12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


If the power series )>* , azz” has radius of convergence R, then the power 
series 77° 9 ax2*” has radius of convergence VR. 


* oe k eS k-1 : 
The power series y apnz and . kapz have the same radius of con- 
k=0 k=1 
vergence R. 


The principal branch f;(z) of the complex logarithm does not possess a Maclau- 
rin expansion. 


If f is analytic throughout some deleted neighborhood of zo and zo is a pole of 
order n, then limz—.2)(z — zo)" f(z) £0. 
A singularity of a rational function is either removable or is a pole. 


1 


The function f(z) = ot diese 1” 
az— 


circle |z| = 1. 


a > 1, has two simple poles within the unit 


z= 0 is asimple pole of f(z) = ae + cot z. 
z 
If zo is a simple pole of a function f, then it is possible that Res(f(z), zo) = 0. 


1 
The principal part of the Laurent series of f(z) = or valid for 
— cos z 
0 < |z| < 2m contains precisely two nonzero terms. 


In Problems 21-40, try to fill in the blanks without referring back to the text. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


Qin = (9—12i)n+2 
nti Bn +14 7i 


The sequence { \ converges to 


The series i + 27+ 37 4+ 4i+.--- diverges because 


5 1 1 | a | 1 — 
5° 25° 125 
oo £= 1)" 
: _1 ian ys 
The equality ae (SS = 5(2+1) comes from —____-._ an is valid 


in the region of the complex plane defined by 


The power series ae (5 + 12i)*(z — 2—i)* converges absolutely within the 
circle 7 

‘ eo 4k Pee) ae ‘ 
The power series vcs Sha (z — 24+ 31)" diverges for | z — 2 + 3i| > 


If the power series ~ apz”, ag # 0, has radius of convergence R > 0, then 
yk 


co 
the power series y has radius of convergence 
k=0 


z 
ak 
Without finding the actual expansion, the Taylor series of f(z) = csc z centered 
at zo = 3+ 27 has radius of convergence R = 


Use the first series in Problem 11 to obtain the first three terms of a Taylor series 


z+1 
f = 
Ohge) 6+ 2 
the series is R = 


centered at z = —1: —_____.. The radius of convergence of 


A power series centered at —5i for f(z) = e” is given by e* = oe __ (2 +54)". 
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31. 


32. 


33. 


34. 


35. 


36. 
37. 


38. 


39. 


40. 


(2 +1)° = (241)? +4@+) +7 


z = —1is an isolated singularity of f(z) = (+1? 
The Laurent series valid for 0 < |z+1| < oo is : 
The analytic function f(z) = 32° — 2? +sinz° has a zero of order ______ at 
z=0. 
. : 1 
The zeros of the function f(z) = sina {| — — 1] are _______ and are of order 
Zz 


If f(z) has a zero of order 5 at zo, then the derivative of lowest order that is 
not zero is f‘-~-)(z0). 


The function f(z) = (z —sinz)/z* has a removable singularity at z = 0. The 
value f(0) is defined to be 


If f(z) = 23e7/*", then Res (f(z), 0) =. 


Suppose z = 7 is a simple pole of f(z) = cot z. From an appropriate residue 
formula, Res(f(z),7) = and so the principal part of the Laurent series 
about z = 7 is and the Laurent series is valid for 0 < |z—7| < 


On |z| = 1, the contour integral £ ae aes on dz equals —____., 
on |z| = 3 the integral equals _______, and on |z| = 4 the integral equals 


On |z| = 1, 
2 F _s 
(a) § to Dc 
C er? = 
(b) § ae = n=0, 1,2, 
c 2 


20 1 
| do = 
9 4cos?@+ sin* 6 


The planar flow of an ideal fluid. 
See page 440. 


7 Conformal 


7.1 


7.2 


7.3 


7.4 


Yo 


Mappings 


Conformal Mapping 

Linear Fractional Transformations 
Schwarz-Christoffel Transformations 
Poisson Integral Formulas 


Applications 
7.5.1 Boundary-Value Problems 
7.5.2 Fluid Flow 
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Introduction In Section 4.5 we saw that analytic 
mappings can be used to solve certain types of 
boundary-value problems. In this chapter we 
introduce the fundamental notion of a conformal 
mapping, and we show that conformal mappings 
can be used to solve a larger class of boundary- 
value problems. The methods we introduce are 
applied to problems in heat flow, electrostatics, 
and fluid flow. 
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7.1 Conformal Mapping 


In Section 2.3 we saw that a nonconstant linear mapping acts by rotating, magnifying, and 
translating points in the complex plane. As a result, the angle between any two intersecting 
arcs in the z-plane is equal to the angle between the images of the arcs in the w-plane 
under a linear mapping. Complex mappings that have this angle-preserving property are 
called conformal mappings. In this section we will formally define and discuss conformal 
mappings. We show that any analytic complex function is conformal at points where the 
derivative is nonzero. Consequently, all of the elementary functions studied in Chapter 4 
are conformal in some domain D. Later in this chapter we will see that conformal mappings 
have important applications to boundary-value problems involving Laplace’s equation. 


Figure 7.1 The angle 6 between Cj 
and C2 


0.5 1 15 2 


(a) Curves C, and Cy, in the z-plane 


u 


(b) Images of the curves in (a) under w =Z 


Figure 7.2 Figure for Example 1 


(OeysiowsrlM\Veveyeseem Suppose that w= f(z) is a complex mapping 


defined in a domain D. The mapping is said to be conformal at a point z 
in D if it “preserves the angle” between any two curves intersecting at Zo. 
To make this concept precise, assume that C; and C2 are smooth curves in 
D that intersect at z and have a fixed orientation as described in Section 
5.1. Let z1(t) and z(t) be parametrizations of C, and C2 such that z,(to) = 
Zo(tg) = zo, and such that the orientations on C, and C2 correspond to the 
increasing values of the parameter t. Because C and C2 are smooth, the 
tangent vectors 2, = z{(to) and z4 = z4(to) are both nonzero. We define the 
angle between C; and C2 to be the angle @ in the interval [0, 7] between 
the tangent vectors zi and 25. See Figure 7.1. Now suppose that under the 
complex mapping w = f(z) the curves C; and C2 in the z-plane are mapped 
onto the curves C} and C4 in the w-plane, respectively. Because Cy and C, 
intersect at zo, we must have that Ci and C4 intersect at f(zo). If Cy and C4 
are smooth, then the angle between C{ and C4 at f(zo) is similarly defined to 
be the angle ¢ in the interval [0, z] between similarly defined tangent vectors 
w), and ws. We say that the angles 0 and ¢ are equal in magnitude if 0 = ¢. 

In the z-plane, the vector z{, whose initial point is zo, can be rotated 
through the angle @ onto the vector 24. This rotation in the z-plane can be 
either in the counterclockwise or the clockwise direction. Similarly, in the w- 
plane, the vector w}, whose initial point is f(zo), can be rotated in either the 
counterclockwise or clockwise direction through an angle of ¢ onto the vector 
w5. If the rotation in the z-plane is the same direction as the rotation in the 
w-plane, we say that the angles 0 and ¢ are equal in sense. The following 
example illustrates these concepts. 


EXAMPLE 1 Magnitude and Sense of Angles 


The smooth curves C; and C2 shown in Figure 7.2(a) are given by z(t) = 
t+ (2t—t?)i and z(t) = t+ 5(#+1)i, 0 < t < 2, respectively. These 
curves intersect at the point z9 = z1(1) = z2(1) =1+7. The tangent vectors 
at zp are 2, = 24(1) = 1 and 24 = 24(1) =1+4+7%. Furthermore, from Figure 
7.2(a) we see that the angle between C, and C2 at 2 is 0 = 7/4. Under 
the complex mapping w = Z, the images of C; and C2 are the curves C} and 
C4, respectively, shown in Figure 7.2(b). The image curves are parametrized 
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by wi(t) = t — (2¢—¢?)é and wo(t) = t- §(#+1)i, 0 < t < 2, and 
intersect at the point wo = f(zo) = 1-7. In addition, at wo we have the 
tangent vectors w, = w{(1) = 1 and wy = wi(1) = 1-7 to C} and C4, 
respectively. Inspection of Figure 7.2(b) indicates that the angle between 
Ci and Ch at wo is ¢ = 7/4. Therefore, the angles 0 and ¢ are equal in 
magnitude. However, because the rotation through 7/4 of the vector z{ onto 
z must be counterclockwise, whereas the rotation through 7/4 of wi onto w4 


must be clockwise, we conclude that @ and ¢ are not equal in sense. 


With the terminology regarding the magnitude and sense of an angle 
established, we are now in a position to give the following precise definition 
of a conformal mapping. 


Definition 7.11 Conformal Mapping 


Let w = f(z) be a complex mapping defined in a domain D and let zp be 


a point in D. Then we say that w = f(z) is conformal at 2 if for every 
pair of smooth oriented curves C; and C2 in D intersecting at zo the angle 
between C and C2 at zo is equal to the angle between the image curves 
Ci and C4 at f(zo) in both magnitude and sense. 


We will also use the term conformal mapping to refer to a complex 
mapping w = f(z) that is conformal at zo. In addition, if w = f(z) maps a 
domain D onto a domain D’ and if w = f(z) is conformal at every point in 
D, then we call w = f(z) a conformal mapping of D onto D’. From Section 
2.3 it should be intuitively clear that if f(z) = az+b is a linear function with 
a # 0, then w = f(z) is conformal at every point in the complex plane. In 
Example 1 we have shown that the w = Z is not a conformal mapping at the 
point zo = 1+7 because the angles 6 and ¢ are equal in magnitude but not 
in sense. 


PWM ecia ccs @itaxers Definition 7.1 is seldom used directly to 


show that a complex mapping is conformal. Rather, we will prove in The- 
orem 7.1 that an analytic function f is a conformal mapping at z whenever 
f'(z) 4 0. In order to prove this result we need a procedure to determine 
the angle (in both magnitude and sense) between two smooth curves in the 
complex plane. For our purposes, the most efficient way to do this is to use 
the argument of a complex number. 

Let us again adopt the notation of Figure 7.1, where C; and C2 are 
smooth curves parametrized by z(t) and z2(t), respectively, which intersect 
at zi(to) = z2(to) = 2. The requirement that Cj, is smooth ensures that 
the tangent vector to Cy at zo, given by 2; = 2/(to), is nonzero, and so 
arg(z{) is defined and represents an angle between the position vector z} 
and the positive x-axis. Similarly, the tangent vector to C2 at zo, given by 
zi = z4(to), is nonzero, and arg (z5) represents an angle between the position 


, 
22 


Sea —arg (z4) 


zy 


Figure 7.3 The angle between Cy 
and C2 
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vector z5 and the positive z-axis. Inspection of Figure 7.3 shows that the 
angle @ between C and C2 at zo is the value of 


arg (25) — arg (21) (1) 


in the interval [0, 7], provided that we can rotate z, counterclockwise about 
0 through the angle 6 onto z4. In the case that a clockwise rotation is needed, 
then —@ is the value of (1) in the interval (—7, 0). In either case, we see that 
(1) gives both the magnitude and sense of the angle between C; and C2 at 
zg. As an example of this discussion, consider the curves C), C2, and their 
images under the complex mapping w = Z in Example 1. Notice that the 
unique value of 


arg (24) — arg (z}) = arg (1 +7) —arg(1) = 4 + 2nz, 


n=0, £1, +2,..., that lies in the interval [0, 7] is 7/4. Therefore, the angle 
between C; and C) is @ = 7/4, and the rotation of z, onto z5 is counterclock- 
wise. On the other hand, 


arg (w)) — arg (wy) = arg (1 — 7) — arg (1) = —" + 2nz, 


n=0, +1, +2,..., has no value in [0, z], but has the unique value —7/4 in 
the interval (—7,0). Thus, the angle between C{ and C4 is ¢ = 7/4, and the 
rotation of w{, onto wi, is clockwise. 


WtUManome bebstegteyey We will now use (1) to prove the following 


theorem. 


Theorem 7.1 Conformal Mapping 


If f is an analytic function in a domain D containing 20, and if f’(zo) 4 0, 
then w = f(z) is a conformal mapping at zo. 


Proof Suppose that f is analytic in a domain D containing zo, and that 
f'(z0) #0. Let Cy and C2 be two smooth curves in D parametrized by 2 (t) 
and z9(t), respectively, with z1(to) = z2(to) = zo. In addition, assume that 
w = f(z) maps the curves C) and C2 onto the curves C} and C4. We wish 
to show that the angle @ between C, and C2 at z is equal to the angle ¢ 
between Cy and C} at f(zo) in both magnitude and sense. We may assume, 
by renumbering C; and Cy if necessary, that z, = 2/(to) can be rotated 
counterclockwise about 0 through the angle 6 onto z4 = z4(to). Thus, by (1), 
the angle @ is the unique value of arg(z5) — arg(z{) in the interval [0, a]. 
From (11) of Section 2.2, Cand C4 are parametrized by w(t) = f(z1(t)) 
and w2(t) = f(zo(t)). In order to compute the tangent vectors wi and w% to 
Cy and C4 at f(z0) = f (21 (to)) = f (z2(to)) we use the chain rule 


wy = wy(to) = f’(z1(to)) - z1(to) = f’ (20) - 215 


and Ww = W9(to) = f’(Z2(to)) - 22(to) = f’(Z0) «23. 
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Since C; and C2 are smooth, both z{ and z4 are nonzero. Furthermore, by 
our hypothesis, we have f’(zo) 4 0. Therefore, both w, and w! are nonzero, 
and the angle ¢ between C} and C at f(zo) is a value of 

arg (wy) — arg (wi) = arg (f"(z0) - 22) — arg (f’(z0) - 24) - 


Now by two applications of (8) from Section 1.3 we obtain: 


arg (f’(zo) - 22) — arg (f’ (zo) - 21) = arg (f’(z0)) + arg (24) — [arg (f’(z0)) + arg (24)] 
= arg (23) — arg (21). 
This expression has a unique value in [0, a], namely 6. Therefore, 0 = ¢ 


in both magnitude and sense, and consequently the w = f(z) is a conformal 
mapping at 2. YQ 


In light of Theorem 7.1 it is relatively easy to determine where an analytic 
function is a conformal mapping. 


| EXAMPLE 2. Conformal Mappings 


(a) By Theorem 7.1 the entire function f(z) = e* is conformal at every point 
in the complex plane since f’(z) = e* £0 for all z in C. 


(b) By Theorem 7.1 the entire function g(z) = z? is conformal at all points 
z, z £0, since g’(z) = 22 £0. 


Givinteaemesane The function g(z) = z? in part (b) of Example 2 is 


not a conformal mapping at zo = 0. The reason for this is that g’(0) = 0. In 
general, if a complex function f is analytic at a point zo and if f’(zo) = 0, 
then zp is called a critical point of f. Although it does not follow from 
Theorem 7.1, it is true that analytic functions are not conformal at critical 
points. More specifically, we can show that the following magnification of 
angles occurs at a critical point. 


Theorem 7.2. Angle Magnification at a Critical Point 


Let f be analytic at the critical point zo. If nm > 1 is an integer such that 
f'(zo) = f"" (20) =. = f(z) = 0 and f(z) 4 0, then the angle 


between any two smooth curves intersecting at zo is increased by a factor 
of n by the complex mapping w = f(z). In particular, w = f(z) is not a 
conformal mapping at zo. 


A proof of Theorem 7.2 is sketched in Problem 22 of Exercises 7.1. 
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(a) The angle between the vertical rays in 


the z-plane is 7 
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(b) The angle between the images of the 


rays in (a) is 2x or 0 


Figure 7.4 The mapping w = sin z 
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EXAMPLE 3 Conformal Mappings 


Find all points where the mapping f(z) = sin z is conformal. 


Solution The function f(z) = sin z is entire, and from Section 4.3 we have 
that f’(z) = cos z. In (21) of Section 4.3 we found that cos z = 0 if and only if 
z= (2n4+1)r/2,n=0, £1, £2, ... , and so each of these points is a critical 
point of f. Therefore, by Thaoteti 7.1, w = sin z is a conformal mapping at 
z for all z A (2n+ 1)r/2, n = 0, +1, +2,... . Furthermore, by Theorem 
7.2, w = sin z is not a conformal mapping at z if z = (2n + 1)7/2,n =0, +1, 
+2,.... Because f”(z) = —sinz = +1 at the critical points of f, Theorem 


7.2 also indicates that angles at these points are increased by a factor of 2. 


The angle magnification at a critical point of the complex mapping w = 
sin z in Example 3 can be seen directly. For example, consider the critical 
point z = 7/2. Under w = sin z, the vertical ray C; in the z-plane emanating 
from z = 7/2 and given by z = 7/2+iy, y > 0, is mapped onto the set in 
the w-plane given by w = sin (7/2) cosh y + icos (7/2) sinh y, y > 0. Because 
sin (7/2) = 1 and cos (7/2) = 0, the image can be rewritten as w = coshy, 
y > 0. In words, the image C! is a ray in the w-plane emanating from w = 1 
and containing the point w = 2. A similar analysis reveals that the image 
CS of the vertical ray Cp given by z = 7/2 + iy, y < 0, is also the ray 
emanating from w = 1 and containing the point w = 2. That is, C] = C4. 
The angle between the rays C, and C, in the z-plane is 7, and so Theorem 
7.2 implies that the angle between their images in the w-plane is increased to 
27, or, equivalently, 0. This agrees with the observation that Ci = C4. See 
Figure 7.4. 


Conformal Mappings Using Tables 9B iisicntorm- Some cmteiocen 


duced a method of solving a particular type of boundary-value problem using 
complex mappings. Specifically, we saw that a Dirichlet problem in a com- 
plicated domain D can be solved by finding an analytic mapping of D onto 
a simpler domain D’ in which the associated Dirichlet problem has already 
been solved. At the end of this chapter we will see a similar application of 
conformal mappings to a generalized type of Dirichlet problem. In these ap- 
plications our method for producing a solution in a domain D will first require 
that we find a conformal mapping of D onto a simpler domain D’ in which 
the associated boundary-value problem has a solution. An important aid in 
this task is the table of conformal mappings given in Appendix III. 

The mappings in Appendix III have been categorized as elementary map- 
pings (E-1 to E-9), mappings of half-planes (H-1 to H-6), mappings onto 
circular regions (C-1 to C-5), and miscellaneous mappings (M-1 to M-10). 
Many properties of the mappings appearing in this table have been derived 
in Chapter 2 and Chapter 4, whereas other properties will be derived in the 
coming sections. When using the table, bear in mind that in some cases the 
desired mapping will appear as a single entry in the table, whereas in other 
cases one or more successive mappings from the table may be required. You 


Note o= should also note that the mappings in Appendix III are, in general, only con- 


(a) The horizontal strip 0 < y <2 


w=e 7? 
Uv 
-1 1 
st 
BC’) oe F 


(b) Image of the strip in (a) 


Figure 7.5 Figure for Example 4 


(a) Image of the strip 0 < y <2 under 


mz/2 
w=e / 


D’ 
A 1 


B’ 


(b) Image of the half-plane in (a) under 
w= itd 
i+z 


Figure 7.6 Figure for Example 5 
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formal mappings of the interiors of the regions shown. For example, it is clear 
that the complex mapping shown in Entry E-4 is not conformal at B = 0. As 
a general rule, when we refer to a conformal mapping of a region R onto a 
region R’ we are requiring only that the mapping be conformal at the points 
in the interior of R. 


EXAMPLE 4 Using a Table of Conformal Mappings 


Use Appendix III to find a conformal mapping from the infinite horizontal 
strip 0 < y < 2, —co < x < ow, onto the upper half-plane v > 0. Under this 
mapping, what is the image of the negative x-axis? 


Solution Entry H-2 in Appendix III gives a mapping from an infinite hori- 
zontal strip onto the upper half-plane. Setting a = 2, we obtain the desired 
mapping w = e™*/?. From H-2 we also see that the points labeled D and 
E = 0 on the negative x-axis in the z-plane are mapped onto the points D’ 
and EF’ = 1 on the positive u-axis in the w-plane. Noting the relative posi- 
tions of these points, we conclude that the negative x-axis is mapped onto the 
interval (0, 1] in the u-axis by w = e7*/?. See Figure 7.5. This observation 


can also be verified using parametrizations. 


EXAMPLE 5 Using a Table of Conformal Mappings 


Use Appendix III to find a conformal mapping from the infinite horizontal 
strip 0 < y < 2, —oo < a < o, onto the unit disk |w| < 1. Under this 
mapping, what is the image of the negative x-axis? 


Solution Appendix III does not have an entry that maps an infinite horizon- 
tal strip onto the unit disk. Therefore, we construct the a conformal mapping 
that does this by composing two mappings in the table. In Example 4 we 
found that the infinite horizontal strip 0 < y < 2, —oo < x < ov, is mapped 
onto the upper half-plane by f(z) = e"*/?. In addition, from entry C-4 we 


see that the upper half-plane is mapped onto the unit disk by g(z) = = 
itz 
The composition of these two functions 
= et2/2 
w= g(f(z)) = i+ e2/2 


therefore maps the strip 0 < y < 2, —oo < x < ov, onto the unit disk |w| < 1. 
Under the first of these successive mappings, the negative real axis is mapped 
onto the interval (0, 1] in the real axis as was noted in Example 4. Inspection 
of entry C-4 (or Figure 7.6) reveals that the interval from 0 to C = 1 is mapped 
onto the circular arc from 1 to C’ = 7 on the unit circle |w| = 1. Therefore, 


we conclude that the negative real axis is mapped onto the circular arc from 
i em2/2 
1 to 7 on the unit circle under w = ——~ 


i+ eT2/2° 
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In the foregoing discussion regarding conformal mappings using tables we 
alluded to the fact that in many applications one needs to find a conformal 
mapping of a domain D onto a simpler domain D’. A natural question to 
ask is whether such a mapping always exists. That is, given domains D 
and D’, does there exist a conformal mapping of D onto D’? An answer to 
this question was given by the mathematician Bernhard Riemann (1826- 
1866). Although there was a gap in Riemann’s original proof (which was 
subsequently filled), this amazing theorem still bears his name. 


The Riemann Mapping Theorem Let D be a simply con- 
nected domain in the z-plane such that D is not all of C. Then 
there exists a one-to-one conformal mapping w = f(z) from 
D onto the open unit disk |w| <1 in the w-plane. 


It is not immediately clear that this theorem answers our question of the 
existence of a mapping from D onto D’. To see that it does, we first 
use the theorem to find a conformal mapping f from D onto the open 
unit disk |w| < 1. We then apply the theorem a second time to obtain a 
mapping g from D’ onto the open unit disk |w| < 1. Since the theorem 
ensures that g is one-to-one, it has a well defined inverse function g~! 
that maps the open unit disk onto D’. The desired mapping from D onto 
D’ is then given by the composition w = g~!o f(z). 

Riemann’s theorem is of critical theoretical importance, but its proof 
is not constructive. This means that the theorem establishes the existence 
of the mapping f but offers no method of actually finding a formula for f. 
A proof of the Riemann mapping theorem is well beyond the scope of this 
text. The interested reader is encouraged to refer to the text Complex 
Analysis by Lars V. Alfors, McGraw-Hill, 1979. 


DDG DOS IS ves Answers to selected odd-numbered problems begin on page ANS-21. 


In Problems 1-6, determine where the complex mapping w = f(z) is conformal. 


1. f(z) =22-3241 2. f(z) =27+2iz-3 
. f(z)=z-e 741-1 4, f(z) = ze? ~? 
. f(z) =tanz 6. f(z) =z—Ln(z +7) 


In Problems 7-10, proceed as in Example 1 to show that the given function f is not 
conformal at the indicated point. 


7 f(z) =(2-1)*; 20 =% 8. f(z) = (iz — 3)?; 20 = —3% 


9. f(z) =e? 52 =0 10. the principle square root function 


f(z) = 2"; 29 =0 
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In Problems 11-16, use Appendix III to find a conformal mapping of the region R 
shown in color onto the region R’ shown in gray. Then find the image of the curve 
from A to B. 


11. v 
R 
u 
12. v 
1 u 
Figure 7.8 Figure for Problem 12 
13. y 45 
B 
R 
A x wie: u 
1 
Figure 7.9 Figure for Problem 13 
14. y . 
B 
R 


Figure 7.10 Figure for Problem 14 
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15. 


16. 


Figure 7.11 Figure for Problem 15 


B a 


Figure 7.12 Figure for Problem 16 


[Focus on Concepts| on Concepts 


17. 
18. 


19. 


20. 


21. 


Where is the mapping w = Z conformal? Justify your answer. 


Suppose w = f(z) is a conformal mapping at every point in the complex plane. 
Where is the mapping w = f(Z) conformal? Justify your answer. 


Suppose that w = f(z) is a conformal mapping at every point in the complex 
plane. Where is the mapping w = e!() conformal? 


This problem concerns determining the angle between two curves C and C2 at 
a point where one (or both) of the curves has a zero tangent vector. 


(a) Assume that two curves C; and C2 are parametrized by z(t) and za(é), 
respectively, and that the curves intersect at 21 (to) = z2(to) = zo. Assume 
further that both z, and z2 are differentiable functions of t, and let z{ = 
24 (to) and z4 = 24(to) . Explain why arg (z5) — arg (z{) does not represent 
the angle between Ci and C2 if either z{ or z4 is zero. 


(b) Explain why Jim larg (z2(t) — z0)] ~ im [arg (z(t) — zo)] does represent the 
—to to 
angle between C and C2 regardless of whether z4 or 2 is zero. 


(c) Use part (b) to determine the angle between the curves parametrized by 
z(t) = t+ it? and z(t) = t? +7it?, -1 <t <1, at 29 = 0. Does this 
computation match your intuition? 


On page 393 we showed that the function f(z) = 2? was not conformal at 


zo = 0 because the angle between the positive x- and y-axes was doubled. In 
this problem you will show that every pair of smooth curves intersecting at 
zo = 0 has the angle between them doubled by f(z) = z?. This is a very 
specific case of Theorem 7.2. 


(a) Suppose that the smooth curves C) and C2 are parametrized by z;(t) and 
za(t) with z1(to) = ze(to) = 0. If 2, = 21 (to) and 2) = 24(to) are both 


7.2 Linear Fractional Transformations 399 


nonzero, then the angle 6 between C; and C2 is given by (1). Explain why 
@ = arg (f'(0)- 25) — arg (f’(0) - 21) does not represent the angle between 
the images C{ and C4 of C, and C2 under the mapping w = f(z) = 2’, 
respectively. 

(b) Use Problem 20 to write down an expression involving arguments that 
does represent the angle ¢ between Ci and C3. [Hint: Ci and C% are 
parametrized by wi(t) = f (z(t)) = [z(t]? and wo(t) = f (zo(t)) = 

2 
[z2(t)]".] 

(c) Use (8) of Section 1.3 to show that your expression for ¢ from (b) is equal 

to 26. 


22. In this problem you will prove Theorem 7.2. Let f be an analytic function at 
the point zo such that f’(zo) = f’(zo) =... = f"~) (zo) = 0 and f™ (zo) #0 
for some n > 1. 


(a) Explain why f can be written as 


(n) (5 
(2) = fo) + 


(2 — 20)" (1+ g(2)), 


where g is an analytic function at zo and g(zo) = 0. 


(b) Use (a) and Problem 20 to show that the angle between two smooth curves 
intersecting at zo is increased by a factor of n by the mapping w = f(z). 


7.2 Linear Fractional Transformations 


In many applications that involve boundary-value problems associated with Laplace’s equa- 
tion, it is necessary to find a conformal mapping that maps a disk onto the half-plane v > 0. 
Such a mapping would have to map the circular boundary of the disk to the boundary line 
of the half-plane. An important class of elementary conformal mappings that map circles 
to lines (and vice versa) are the linear fractional transformations. In this section we will 
define and study this special class of mappings. 


Linear Fractional Transformations [Ritsu pyemiceochettctel 


complex linear mappings w = az+0 where a and b are complex constants and 
a #0. Recall that such mappings act by rotating, magnifying, and translat- 
ing points in the complex plane. We then discussed the complex reciprocal 
mapping w = 1/z in Section 2.5. An important property of the reciprocal 
mapping, when defined on the extended complex plane, is that it maps cer- 
tain lines to circles and certain circles to lines. A more general type of mapping 
that has similar properties is a linear fractional transformation defined next. 
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Definition 7.2. Linear Fractional Transformation 


If a, b, c, and d are complex constants with ad— bc 4 0, then the complex 
function defined by: 

az+b 
cz +d 


Pg) = 


(1) 


is called a linear fractional transformation. 


Linear fractional transformations are also called Mo6bius transforma- 
tions or bilinear transformations. If c = 0, then the transformation T 
given by (1) is a linear mapping, and so a linear mapping is a special case of 
a linear fractional transformation. If c £ 0, then we can write 

az+b be-—ad 1 a 
T(z) = = ee 
cz+d c cz+td c¢ 
bc — ad 


(2) 
Setting A = and B= a we see that the linear transformation T in 
c c 
(2) can be written as the composition T(z) = fogoh(z), where f(z) = Az+B 
and h(z) = cz+dare linear functions and g(z) = 1/z is the reciprocal function. 
The domain of a linear fractional transformation T given by (1) is the set 
of all complex z such that z 4 —d/c. Furthermore, since 


ad — bc 
(cz + d)? 


it follows from Theorem 7.1 and the requirement that ad — bc 4 0 that linear 
fractional transformations are conformal on their domains. The requirement 
that ad—bc ¥ 0 also ensures that the T is a one-to-one function on its domain. 
See Problem 27 in Exercises 7.2. 

Observe that if c 4 0, then (1) can be written as 


_azth (a/)(ztb/a)_ (2) 
7) cz +d z+d/c z—(-d/c)’ 


where $(z) = (a/c) (z + b/a). Because ad—bc # 0, we have that ¢(—d/c) 4 0, 
and so from Theorem 6.12 of Section 6.4 it follows that the point z = —d/c is 
a simple pole of T. 

When c ¥ 0, that is, when T is not a linear function, it is often helpful to 
view JT as a mapping of the extended complex plane. Since T’ is defined for 
all points in the extended plane except the pole z = —d/c and the ideal point 
co, we need only extend the definition of T to include these points. We make 
this definition by considering the limit of T as z tends to the pole and as z 
tends to the ideal point. Because 


lim +d _ 0 0 _ 
zo-d/ce az+b  a(—d/c) +b  —ad+ bce 
it follows from (25) of Section 2.6 that 


. az+b 
lim =0o 
z>—d/e cz +.d 


(a= 
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Moreover, from (24) of Section 2.6 we have that 


. azt+b |. afzt+b ., atzb a 
lim = lim = lim =-. 
zo cz +d 20c/z+d 2z0c+z2d ¢ 


The values of these two limits indicate how to extend the definition of T. In 
particular, if c 4 0, then we regard T as a one-to-one mapping of the extended 
complex plane defined by: 


az+b d 
cz +d’ ieee 
24a 2s" (3) 
zs 
-, ene 


A special case of (3) corresponding to a = 0, b= 1, c= 1, andd=0 
is the reciprocal function defined on the extended complex plane. Refer to 
Definition 2.7. 


EXAMPLE 1 A Linear Fractional Transformation 


Find the images of the points 0, 1 + 2, 2, and oo under the linear fractional 
transformation T(z) = (2z+1)/(z—i). 


Solution For z=0 and z=1-+i we have: 


241 _ 1 4 i Tii+¢) = 2+ +1 _ 9428 


= ge eg ~Ce0=% 1 


=3+21. 


Identifying a = 2,b=1, c=1, and d = —7 in (3), we also have: 


1) =7 (-£) =o0 and T(o0) = = =2. 


—_—EE—E—E———E—E— 


Gite asxeomelicae sxejaouaa In the discussion preceding Exam- 


ple 1 we indicated that the reciprocal function 1/z is a special case of a linear 
fractional transformation. We saw two interesting properties of the recipro- 
cal mapping in Section 2.7. First, the image of a circle centered at the pole 
z = 0 of 1/z is a circle, and second, the image of a circle with center on the 
z- or y-axis and containing the pole z = 0 is a vertical or horizontal line. 
Linear fractional transformations have a similar mapping property. This is 
the content of the following theorem. 
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Theorem 7.3. Circle-Preserving Property 


If C is a circle in the z-plane and if T is a linear fractional transformation 


given by (3), then the image of C under T is either a circle or a line in 
the extended w-plane. The image is a line if and only if c 4 0 and the 
pole z = —d/c is on the circle C. 


Proof When c = 0, T is a linear function, and we saw in Section 2.3 that 
linear functions map circles onto circles. It remains to be seen that the the- 
orem still holds for c 4 0. Assume then that c 4 0. From (2) we have that 
T(z) = fogoh(z), where f(z) = Az+ B and h(z) = cz+d are linear functions 
and g(z) = 1/z is the reciprocal function. Observe that since h is a linear 
mapping, the image C’ of the circle C under h is a circle. We now examine 
two cases: 


Case 1 Assume that the origin w = 0 is on the circle C’. This occurs if and 
only if the pole z = —d/c is on the circle C. From the Remarks in Section 
2.5, if w = 0 is on C’, then the image of C’ under g(z) = 1/z is either a 
horizontal or vertical line L. Furthermore, because f is a linear function, the 
image of the line L under f is also a line. Thus, we have shown that if the 
pole z = —d/c is on the circle C, then the image of C under T is a line. 


Case 2 Assume that the point w = 0 is not on C’. That is, the pole z = —d/c 
is not on the circle C. Let C’ be the circle given by |w — wo| = p. If we set 
€ = f(w) = 1/w and & = f(wo) = 1/wo, then for any point w on C’ we have 


ae | = pléollél. (4) 


1 1 | _ |w— wol 
w  wo| [ew] |wol 
It can be shown that the set of points satisfying the equation 


If — a] = AlE — b| (5) 


is a line if X = 1 and is a circle if X > 0 and AX 4 1. See Problem 28 in 
Exercises 7.2. Thus, with the identifications a = ), b = 0, and A = p|&| we 
see that (4) can be put into the form (5). Since w = 0 is not on C’, we have 
|wo| € p, or, equivalently, A = p|€)| A 1. This implies that the set of points 
given by (4) is a circle. Finally, since f is a linear function, the image of this 
circle under f is again a circle, and so we conclude that the image of C' under 
T is a circle. BQ 


The key observation in the foregoing proof was that a linear fractional 
transformation (1) can be written as a composition of the reciprocal function 
and two linear functions as shown in (2). In Problem 27 of Exercises 2.5 you 
were asked to show that the image of any line L under the reciprocal mapping 
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w = 1/z isa line or a circle. Therefore, using similar reasoning, we can also 
show: 


Mapping Lines to Circles with T(z) 


If T is a linear fractional transformation given by (3), then the image of 
a line L under T is either a line or a circle. The image is a circle if and 
y only if c# 0 and the pole z = —d/c is not on the line L. 


1 - | EXAMPLE 2 Image ofa Circle 


Find the image of the unit circle |z| = 1 under the linear fractional transfor- 
mation T(z) = (2 +2)/(z-—1). What is the image of the interior |z| < 1 of 
this circle? 


(a) The unit circle |z| =1 
oe Solution The pole of T is z = 1 and this point is on the unit circle |z| = 1. 
[= z—1 Thus, from Theorem 7.3 we conclude that the image of the unit circle is a 
line. Since the image is a line, it is determined by any two points. Because 
T(-1) = —} and T(i) = —}—3i, we see that the image is the line u = —4. To 
Cc’ answer the second question we first note that a linear fractional transformation 


is arational function, and so it is continuous on its domain. As a consequence, 


the image of the interior |z| < 1 of the unit circle is either the half-plane 
-$ u< —4 or the half-plane u > —t. Using z = 0 as a test point, we find 
that T(0) = —2, which is to the left of the line u = —4, and so the image is 
the half-plane wu < —}. This mapping is illustrated in Figure lee The circle 


|z| = 1 is shown in color in Figure 7.13(a) and its image u = —; is shown in 


(b) The image of the circle in (a) black in Figure 7.13(b). 


Figure 7.13 The linear 


fractional transformation 
T(z) = (2+ 2)/(z-1) 


| EXAMPLE 3 Image of a Circle 


Find the image of the unit circle |z| = 2 under the linear fractional trans- 
formation T(z) = (z+2)/(z—1). What is the image of the disk |z| < 2 
under 7"? 


Solution In this example the pole z = 1 does not lie on the circle |z| = 2, and 
so Theorem 7.3 indicates that the image of |z| = 2 is a circle C’. To find an 
algebraic description of C’, we first note that the circle |z| = 2 is symmetric 
with respect to the z-axis. That is, if z is on the circle |z| = 2, then so is 2. 
Furthermore, we observe that for all z, 


Z+2 242 z+2 
T(z St 
@ = 2-2 - (2) -76 
Hence, if z and Z are on the circle |z| = 2, then we must have that both 


w = T(z) and @ = T(z) = T(Z) are on the circle C’. It follows that C’ 


404 
y 
Cc 
x 
2 
(a) The circle |z| =2 
w= te A 
y 7 
v 
c’ 


(b) The image of the circle in (a) 


Figure 7.14 The linear 
fractional transformation 
T(z) = (2+ 2)/(z-1) 
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is symmetric with respect to the u-axis. Since z = 2 and —2 are on the 
circle |z| = 2, the two points T(2) = 4 and T(—2) = 0 are on C’. The 
symmetry of C’ implies that 0 and 4 are endpoints of a diameter, and so 
C’ is the circle |w—2) = 2. Using z = 0 as a test point, we find that 
w = T(0) = —2, which is outside the circle |w — 2| = 2. Therefore, the image 
of the interior of the circle |z| = 2 is the exterior of the circle |w — 2| = 2. In 
summary, the disk |z| < 2 shown in color in Figure 7.14(a) is mapped onto 
the region |w — 2| > 2 shown in gray in Figure 7.14(b) by the linear fractional 


transformation T(z) = (z+ 2)/(z-1). 


Linear Fractional Transformations as Matrices MiWEetrstees 


can be used to simplify many of the computations associated with linear 
fractional transformations. In order to do so, we associate the matrix 


A= (6) 
c d 


with the linear fractional transformation 


az+b 
czt+d 


T(z) = (7) 
The assignment in (6) is not unique because if e is a nonzero complex number, 
then the linear fractional transformation T(z) = (az+)/(cz+d) is also 
given by T(z) = (eaz+eb)/(ecz+ed). However, if e # 1, then the two 
matrices 


a Ob ea eb 
A= and B= =eA (8) 
c ad ec ed 


are not equal even though they represent the same linear fractional transfor- 
mation. 

It is easy to verify that the composition T> o T; of two linear fractional 
transformations 


Ti(z) = (ayz + b1)/ (c1z + d1) and To(z) = (agz + be) / (c2z + dz) 


is represented by the product of matrices 


_ aga, + boc} ab, + body (9) 
e201 + dgc, cob, + dod, 


ag be a, by 


co dg cq dy 


In Problem 27 of Exercises 7.2 you are asked to find the formula for T~!(z) 
by solving the equation w = T(z) for z. The formula for the inverse function 
T~1(z) of a linear fractional transformation T of (7) is represented by the 
inverse of the matrix A in (6) 
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-1 


odie a b = 1 d —b 
c d ad—be\ _¢ 4 
F segs 1 i 4 
By identifying e = ad be 8 (8) we can also represent T~*(z) by the 
ad — be 
matrix 
d —b 
= (10) 
-c a 


EXAMPLE 4. Using Matrices 


Suppose S(z) = (z —i)/(iz—1) and T(z) = (2z —1)/(z2+2). Use matrices 
to find S—1(T(z)). 


Solution We represent the linear fractional transformations S' and T by the 
matrices 


1 -i 2 -l1 
and 5 
a —1 1 2 


respectively. By (10), the transformation S~! is given by 


and so, from (9), the composition S~! 0 T is given by 


a0 3 2 -1 Bei pal ay 
ee | 1 2 1-2) 244 
Therefore, 
“Pgh gO) 
Hes] 


(1—2i)z+2+4+i- 


od 


In applications we often need to find a conformal mapping 
from a domain D that is bounded by circles onto a domain D’ that is bounded 
by lines. Linear fractional transformations are particularly well-suited for such 
applications. However, in order to use them, we must determine a general 


*You may recall that this matrix is called the adjoint matrix of A. 
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Recall, a circle is uniquely determined pe method to construct a linear fractional transformation w = T(z), which maps 

by three noncolinear points. three given distinct points 21, z2, and z3 on the boundary of D to three given 
distinct points w,, wa, and w3 on the boundary of D’. This is accomplished 
using the cross-ratio, which is defined as follows. 


Definition 7.3. Cross-Ratio 


The cross-ratio of the complex numbers z, 21, 22, and z3 is the complex 


number 


cla: ua oni (11) 


Mo BS 2 — By 


When computing a cross-ratio, we must be careful with the order of the 


complex numbers. For example, you should verify that the cross-ratio of 0, 1, 
i, and 2 is 3 + zi, whereas the cross-ratio of 0, 7, 1, and 2 is ; — zi. 


We extend the concept of the cross-ratio to include points in the extended 
complex plane by using the limit formula (24) from the Remarks in Section 
2.6. For example, the cross-ratio of, say, oo, 21, 22, and z3 is given by the 
limit 

Z— £1 22 — 23 


lim : 
ZF Z — £3 22 — 2 


The following theorem illustrates the importance of cross-ratios in the study of 
linear fractional transformations. In particular, we prove that the cross-ratio 
is invariant under a linear fractional transformation. 


Theorem 7.4 Cross-Ratios and Linear 
Fractional Transformations 


If w = T(z) is a linear fractional transformation that maps the distinct 
points 21, 22, and z3 onto the distinct points w,, wa, and ws, respectively, 
then 


A= £1 22° — £3 W— Wi W2—- W3 


(12) 


2 — £322 — 21 W — W3 W2 — Wi 


for all z. 


Proof Let R be the linear fractional transformation 


&— 21 22 — 23 


R(z) = (13) 


Z— 2322-21" 


and note that R(z) = 0, R(z2) = 1, and R(z3) = oo. Consider also the linear 
fractional transformation 


zZ— W, W2 — W3 


S(z) = (14) 


Z— W3 W.-W) 
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For the transformation S', we have S(w ) = 0, S(w2) = 1, and S(w3) = oo. 
Therefore, the points z,, z2, and z3 are mapped onto the points w1, w2, and 
w3, respectively, by the linear fractional transformation S~+(R(z)). From this 
it follows that 0, 1, and co are mapped onto 0, 1, and ov, respectively, by the 
composition T~'(S~1(R(z))). Now it is a straightforward exercise to verify 
that the only linear fractional transformation that maps 0, 1, and oo onto 0, 
1, and oo is the identity mapping. See Problem 30 in Exercises 7.2. From this 
we conclude that T~1(S~1(R(z))) = z, or, equivalently, that R(z) = $(T(z)). 
Identifying w = T(z), we have shown that R(z) = S(w). Therefore, from (13) 
and (14) we have 


Z— 21 22 — 23 W — Wi, W2— W3 


2-23 22-21 = W—-—w3W2—- U1 Bz 


| EXAMPLE 5 Constructing a Linear Fractional Transformation 


Construct a linear fractional transformation that maps the points 1, i, and —1 
on the unit circle |z| = 1 onto the points —1, 0, 1 on the real axis. Determine 
the image of the interior |z| < 1 under this transformation. 


Solution Identifying z; = 1, z2 =7, z3 = —1, w; = —1, wo = 0, and w3 = 1, 
in (12) we see from Theorem 7.4 that the desired mapping w = T(z) must 
satisfy 


z-1 i-(-1) w-(-1) 0-1 


z-(-1) i-1 ~=—w-1 ~0-(-1) 


After solving for w and simplifying we obtain 


zZ—1 


Note: A linear fractional transfor- pep w= T(z) = 


mation can have many equivalent forms. wz—1 


Using the test point z = 0, we obtain T(0) = 7. Therefore, the image of the 


interior |z| < 1 is the upper half-plane v > 0. 


| EXAMPLE 6 Constructing a Linear Fractional Transformation 
Construct a linear fractional transformation that maps the points —7, 1, and 


oo on the line y = x—1 onto the points 1, i, and —1 on the unit circle |w| = 1. 


Solution We proceed as in Example 5. Using (24) of Section 2.6, we find 
that the cross-ratio of z, 21 = —1, z2 = 1, and z3 = oo is 


, zt+il—zs : zt+i 1-1/2 . zti 23-1 2zt+i 
lim “= lim — = lim —— - 
zroz—23 1l+i 2 0z—1/z3 1+i 230223 -1 1+i% 1+i 
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Now from (12) of Theorem 7.4 with w; = 1, wa = i, and w3 = —1, the desired 
mapping w = T(z) must satisfy 


zt w-lit+l 


ltt weld 


After solving for w and simplifying we obtain 


z+1 
—z+1-2i 


| 


w=T(z)= 


DODO DS VEX Answers to selected odd-numbered problems begin on page ANS-22. 


In Problems 1—4, find the images of the points 0, 1, 7, and oo under the given linear 
fractional transformation T’. 


a 2 
1. 7 ee 2.. F = 
(= @=- 
£7h=°™ a Gaia 
= 4 z 


In Problems 5-8, find the image of the disks |z| < 1 and |z — i| < 1 under the given 
linear fractional transformation T’. 


5. T is the mapping in Problem 1 6. T is the mapping in Problem 2 
7. T is the mapping in Problem 3 8. T is the mapping in Problem 4 


In Problems 9-12, find the image of the half-planes x > 0 and y < 1 under the given 
linear fractional transformation T. 


9. T is the mapping in Problem 1 10. T is the mapping in Problem 2 
11. T is the mapping in Problem 3 12. T is the mapping in Problem 4 


In Problems 13-16, find the image of the region shown in color under the given 
linear fractional transformation. 


z zZ—4 
13. T(z) = =, 14. T(z) = ras 
y y 


Figure 7.15 Figure for Problem 13 Figure 7.16 Figure for Problem 14 
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z+1 
15. T(z) = —~ 
(Sy 
y 
x 
2 
Figure 7.17 Figure for Problem 15 Figure 7.18 Figure for Problem 16 


In Problems 17-20, use matrices to find (a) S~'(z) and (b) $~*(T(z)). 


z iz+1 1z 2z+1 
17. T(z) = = 18. T(z) = = 
rere ae pag = sad 
_ 22-3 2-2 _z-1ti _ Q-az 
19. T(z) yg? 8) | 20. T(z) oo S(z) ae pie 


In Problems 21—26, construct a linear fractional transformation that takes the given 
points 21, z2, and z3 onto the given points wi, we, and ws, respectively. 


21. 4= 1; 22 0, 23 2; W1 0, W2 1, W3 Co 


22. 21 = 22 =0, 23> a; W1 0, Ww2 ie W3 [o,0) 


23. 2= 0, 22 = a, 23 = OO; W1 0, W2 1, W3 2 


24. 21 =—-1, 2 =0, 23 =1; wi =1, w2 = 0, w3 = 00 
25. 24.1, z2 =1, 23> a; Wi = iL, w2 = 0, w3 =3 
26. 21 =1, 22 =1, 23 = —-t; wi = —1, W2 =1, W3 = CO 


[Focus on Concepts on Concepts 


27. Let a, b, c, and d be complex numbers such that ad — bc ¥ 0. 


. az+b 
(a) Solve the equation w = Ee for z. 


(b) Explain why (a) implies that the linear fractional transformation 
T(z) = (az + b)/ (cz +d) is a one-to-one function. 


28. Consider the equation 
jz —a| = Alz— d| (15) 
where is a positive real constant. 
(a) Show that the set of points satisfying (15) is a line if \ = 1. 
(b) Show that the set of points satisfying (15) is a circle if \ £ 1. 


29. Let T(z) = (az + b)/ (cz +d) be a linear fractional transformation. 


(a) If 7(0) = 0, then what, if anything, can be said about the coefficients a, b, 
c, and d? 
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(b) If 7(1) = 1, then what, if anything, can be said about the coefficients a, b, 
c, and d? 


(c) If T(co) = ov, then what, if anything, can be said about the coefficients a, 
b, c, and d? 


30. Use Problem 29 to show that if T is a linear fractional transformation and 
T(0) = 0, T(1) = 1, and T(co) = ov, then T must be the identity function. 
That is, T(z) = z. 


31. Use Theorem 7.4 to derive the mapping in entry H-1 in Appendix III. 
32. Use Theorem 7.4 to derive the mapping in entry H-3 in Appendix III. 


7.3 Schwarz-Christoffel Transformations 


One problem that arises frequently in the study of fluid flow is that of constructing the 
flow of an ideal fluid that remains inside a polygonal domain D’. We will see in Section 7.5 
that this problem can be solved by finding a one-to-one complex mapping of the half-plane 
y => 0 onto the polygonal region that is a conformal mapping in the domain y > 0. The 
existence of such a mapping is guaranteed by the Riemann mapping theorem discussed in the 
Remarks at the end of Section 7.1. However, even though the Riemann mapping theorem 
does assert the existence of a mapping, it gives no practical means of finding a formula for 
the mapping. In this section we present the Schwarz-Christoffel formula, which provides an 
explicit formula for the derivative of a conformal mapping from the upper half-plane onto 
a polygonal region. 


imoaexeitiamatecateyaces A polygonal region in the complex plane is 


a region that is bounded by a simple, connected, piecewise smooth curve 
consisting of a finite number of line segments. The boundary curve of a 
polygonal region is called a polygon and the endpoints of the line segments in 
the polygon are called vertices of the polygon. If a polygon is a closed curve, 
then the region enclosed by the polygon is called a bounded polygonal 


y 


x region, and a polygonal region that is not bounded is called an unbounded 
polygonal region. See Figure 7.19. In the case of an unbounded polygonal 


(a) A bounded polygonal region region, the ideal point 00 is also called a vertex of the polygon. 


Simple examples of polygonal regions include the region bounded by the 
triangle with vertices 0, 1, and 2, which is an example of a bounded polygonal 
region, and the region defined by 0 < # < 1,0 < y < ~, which is an example 
of an unbounded polygonal region whose vertices are 0, 1, and oo. 


ss) oleree0e@rte-y) © In order to motivate a general formula for a conformal 


(b) An unbounded polygonal region 


x mapping of the upper half-plane y > 0 onto a polygonal region, we first 
examine the complex mapping 


w= f(z) = (2-21), (1) 


Figure 7.19 Polygonal regions 


where x; and a are a real numbers and 0 < a < 27. The mapping in (1) 
is the composition of a translation T(z) = z — x, followed by the real power 


(a) A ray emanating from x, 


we (z—x,)°" 


Y 


0 


ao/n 


(b) Image of the ray in (a) 


Figure 7.20 The mapping 


w = (z—2,)°/™ 


(a) The half-plane y > 0 


w= (2-2) 


y. 


Vv 


(b) The image of the half-plane 


Figure 7.21 The mapping 


w = (z—2)°/" 
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function F(z) = z*/™. Because 2, is real, T translates in a direction parallel 
to the real axis. Under this translation the z-axis is mapped onto the u-axis 
with the point z = x; mapping onto the point w = 0. In order to understand 
the power function F' as a complex mapping we replace the symbol z with the 
exponential notation re’’ to obtain: 


F(z) = (reid — pot pi(a0/m). (2) 


From (2) we see that the complex mapping w = z°/” can be visualized as the 
process of magnifying or contracting the modulus r of z to the modulus r°/” of 
w, and rotating z through a/z radians about the origin to increase or decrease 
an argument 6 of z to an argument a@/z of w. Thus, under the composition 
w = F(T(z)) = (z—21)°/", a ray emanating from x, and making an angle of 
¢ radians with the real axis is mapped onto a ray emanating from the origin 
and making an angle of ad/m radians with the real axis. See Figure 7.20. 

Now consider the mapping (1) on the half-plane y > 0. Since this set 
consists of the point z = x, together with the set of rays arg(z — 21) = 4, 
0 < $ < 7, the image under w = (z —21)°/ consists of the point w = 0 
together with the set of rays arg(w) = ad/m, 0 < ad/am < a. Put another 
way, the image of the half-plane y > 0 is the point w = 0 together with the 
wedge 0 < arg(w) < a. See Figure 7.21. 

The function f given by (1), which maps the half-plane y > 0 onto an 
unbounded polygonal region with a single vertex, has derivative: 


f@=<e-mjer™. (3) 


Since f’(z) 4 0 if z= a+iy and y > 0, it follows that w = f(z) is a conformal 
mapping at any point z with y > 0. In general, we will use the derivative 
f’, not f, to describe a conformal mapping of the upper half-plane y > 0 
onto an arbitrary polygonal region. With this in mind, we will now present a 
generalization of the mapping in (1) based on its derivative in (3). 

Consider a new function f, which is analytic in the domain y > 0 and 
whose derivative is: 


f(z) = A(z — a) O97} (2 — arg) 2/1 (4) 


where 21, %2, Q1, and qa are real, x; < x, and A is a complex constant. 
A useful fact that will help us determine the image of the half-plane y > 0 
under f is that a parametrization w(t), a < t < b, gives a line segment if 
and only if there is a constant value of arg (w’(t)) for all ¢ in the interval 
a<t< b. We now use this fact to determine the images of the intervals 
(—oo, 1), (%1, %2), and (a2, oo) on the real axis under the complex mapping 
w = f(z). If we parametrize the interval (—oo, x1) by z(t) =t, -oo <t< 4%, 
then by (11) of Section 2.2 the image under w = f(z) is parametrized by 
w(t) = f(z(t)) = f(t), —co < t < a. From (4) with the identification z = t, 
we obtain: 


w(t) = f(t) =A(t—- aye (t— ag) (02/")-2 
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(a) The upper half-plane y > 0 


w = f(z) 


(b) The image of the region in (a) 


Figure 7.22 The mapping associated 
with (4) 
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An argument of w’(t) is then given by: 


Arg (A) + j —1) Arg(t— 21) + (= —1) Arg(t — 2). (5) 


Because —oo < t < 21, we have that t — x, is a negative real number, and 
so Arg(t — 21) = 7. In addition, since x7, < x2, we also have that t — x2 isa 
negative real number, and thus Arg(t — 22) = 7. By substituting these values 
into (5) we find that Arg(A) + ay + a2 — 27 is a constant value of arg (w’(t)) 
for all t in the interval (—oo, x,). Therefore, we conclude that the interval 
(—oo, 21) is mapped onto a line segment by w = f(z). 

By similar reasoning we determine that the intervals (#1, x2) and (x2, co) 
also map onto line segments. A value of the argument of w’ for each interval 
is summarized in the following table. The change in the value of the argument 
is also listed. 


Interval | An Argument of w’ | Change in Argument 
(—oo, 41) | Arg(A) + a1 + ag — 20 0 

(11, £2) Arg(A) + a9 —7 T— Qy 

(a2, 00) Arg(A) T — Q2 


Table 7.1 Arguments of w’ 


Since f is an analytic (and, hence, continuous) mapping, we conclude that 
the image of the half-plane y > 0 is an unbounded polygonal region. By Table 
7.1 we see that the exterior angles between successive sides of the polygonal 
boundary are given by the change in argument of w’ from one interval to the 
next. Therefore, the interior angles of the polygon are a, and ag. See Figure 
7.22. 


OMe lw AGM KOM deweeeMm The foregoing discussion can be gen- 


eralized to produce a formula for the derivative f’ of a function f that maps 
the half-plane y > 0 onto a polygonal region with any number of sides. This 
formula, given in the following theorem, is called the Schwarz-Christoffel 
formula. 


Theorem 7.5 Schwarz-Christoffel Formula 


Let f be a function that is analytic in the domain y > 0 and has the 
derivative 


fi(2) = Ale mCP (2 = ag fON oo (z—ayO, 6) 


where 171 < % < +++ <2, 0 <a; < 27 for 1 <i <n, and A is a complex 
constant. Then the upper half-plane y > 0 is mapped by w = f(z) onto 
an unbounded polygonal region with interior angles a1, a2, ..., Qn. 


Note 
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It follows from Theorem 7.1 of Section 7.1 that the function given by the 
Schwarz-Christoffel formula (6) is a conformal mapping in the domain y > 0. 
For the sake of brevity, we will, henceforth, refer to a mapping obtained from 
(6) as a conformal mapping from the upper half-plane onto a polygonal region. 
It should be kept in mind that although such a mapping is defined on the upper 
half-plane y > 0, it is only conformal in the domain y > 0. 

Before investigating some examples of the Schwarz-Christoffel formula, 
we need to point out three things. First, in practice we usually have some 
freedom in the selection of the points x, on the x-axis. A judicious choice can 
simplify the computation of f(z). Second, Theorem 7.4 provides a formula 
only for the derivative of f. A general formula for f is given by an integral 


f(z) SO er ae Cee alee Cree ae dz +B, 


where A and B are complex constants. Thus, f is the composition of the 
function 


g(z) = / (z- g/m} ig ayn otis an) or/™-1 i 


and the linear mapping h(z) = Az+B. As described in Section 2.3, the linear 
mapping h allows us to rotate, magnify (or contract), and translate the polyg- 
onal region produced by g. Third, although it is not stated in Theorem 7.4, 
the Schwarz-Christoffel formula (6) can also be used to construct a mapping 
of the upper half-plane y > 0 onto a bounded polygonal region. To do so, we 
apply (6) using only n — 1 of the n interior angles of the bounded polygonal 
region.’ We illustrate these ideas in the following examples. 


(b) Semi-infinite strip 


Figure 7.23 Figure for Example 1 


EXAMPLE 1 Using the Schwarz-Christoffel Formula 


Use the Schwarz-Christoffel formula (6) to construct a conformal mapping 
from the upper half-plane onto the polygonal region defined by u > 0, 
-l<v<l. 


Solution Observe that the polygonal region defined by u > 0, -—1 <u <1, 
is the semi-infinite strip shown in gray in Figure 7.23(b). The interior angles 
of this unbounded polygonal region are a, = a2 = 7/2, and the vertices are 
w, = —i and w2 = 7. To find the desired mapping, we apply Theorem 7.4 
with 2; = —1 and 22 = 1. With these identifications, (6) gives 


f(z) =Alet 7 (2-17. (7) 
From Theorem 7.4, w = f(z) is a conformal mapping from the half-plane 


y > 0 onto the polygonal region u > 0, -1 < v < 1. A formula for f(z) is 
found by integrating (7). Since z is in the upper half-plane y > 0, we first use 


+For a bounded polygon in the plane, any n—1 of its interior angles uniquely determine 
the remaining one. 
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the principal square root to rewrite (7) as 


A 
(4) — 
f(2)= (22 —1)¥/?" 
Furthermore, since the principal value of (—1)!/? = i, we have 
A A A 1 1 
— —t = = Ai . 8 
f'(2) (Pai? [(-1(1 — z2)] 1? ; (1-22) ‘a2? (8) 


From (7) of Section 4.4 we recognize that an antiderivative of (8) is given by 
f(z) = —Aisin-1 z+ B, (9) 


where sin! z is the single-valued function obtained by using the principal 
square root and principal value of the logarithm and where A and B are 
complex constants. If we choose f(—1) = —i and f(1) = i, then the constants 


A and B must satisfy the system of equations 


—Aisin-(—1)+ B = Ait Leak 


—Aisin7(1) + B= — Ais oF 4, 
By adding these two equations we see that 2B = 0, or, B = 0. Now by 


substituting B = 0 into either the first or second equation we obtain A = 
—2/m. Therefore, the desired mapping is given by 


2 
f(z) =i— sin * 2. 
7 


y This mapping is shown in Figure 7.23. The line segments labeled A and B 


a 
shown in color in Figure 7.23(a) are mapped by w = i— sin | z onto the line 


TT 
segments labeled A’ and B’ shown in black in Figure 7.23(b). 


| EXAMPLE 2 Using the Schwarz-Christoffel Formula 


Use the Schwarz-Christoffel formula (6) to construct a conformal mapping 
from the upper half-plane onto the polygonal region shown in gray in Figure 
7.24(b). 


Solution We proceed as in Example 1. The region shown in gray in Figure 
7.24(b) is an unbounded polygonal region with interior angles a; = 37/2 and 
a, = 7/2 at the vertices w, = i and wo = 0, respectively. If we select 7; = —1 
and x2 = 1 to map onto w; and we, respectively, then (6) gives 


(b) Polygonal region for Example 2 
Figure 7.24 Figure for Example 2 


fi(z) = A(zt1)? (z-1)77”. (10) 
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Since 
1/2 1/2 
1/2 =1/2 g+l1 g+1 z+1 
=“ es ee = 
(z+1) (z ) (5 zt (z2 =1)'/?" 
we can rewrite (10) as 
z 1 

f(2)=A , (11) 
An antiderivative of (11) is given by 

f(Z= Al(2? - i)? + cosh! z| +B, 
where A and B are complex constants, and where (2 - 1) ja and cosh7! z 


represent branches of the square root and inverse hyperbolic cosine functions 
defined on the domain y > 0. Because f(—1) = 7 and f(1) = 0, the constants 
A and B must satisfy the system of equations 
A(0+cosh”'(-1))+B = Ani+B=i 
A(0+cosh"*1)+B = B=0. 


Therefore, A = 1/7, B = 0, and the desired mapping is given by 


f(i~ij=- [Gi 1) M? + cosh7? z]. 


The mapping is illustrated in Figure 7.24. The line segments labeled A and 
B shown in color in Figure 7.24(a) are mapped by w = f(z) onto the line 


segments labeled A’ and B’ shown in black in Figure 7.24(b). 


When using the Schwarz-Christoffel formula, it is not always possible 
to express f(z) in terms of elementary functions. In such cases, however, 
numerical techniques can be used to approximate f with great accuracy. The 
A 0 1 B following example illustrates that even relatively simple polygonal regions can 
lead to integrals that cannot be expressed in terms of elementary functions. 


(a) Half-plane y 20 
i G | EXAMPLE 3. Using the Schwarz-Christoffel Formula 
+3 V3i 
Use the Schwarz-Christoffel formula (6) to construct a conformal mapping 
A B’ from the upper half-plane onto the polygonal region bounded by the equilat- 
eral triangle with vertices w, = 0, w2 = 1, and w3 = $ + sV3i. See Figure 
7.25. 


Solution The region bounded by the equilateral triangle is a bounded 
polygonal region with interior angles ay = ag = a3 = 7/3. As mentioned 
Figure 7.25 Figure for Example 3 on page 413, we can find a desired mapping by using the Schwarz-Christoffel 


(b) Equilateral triangle 
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formula (6) with n — 1 = 2 of the interior angles. After selecting 71 = 0 and 
x2 = 1, (6) gives 


fi(z) = Az? (2-197, (12) 


There is no antiderivative of the function in (12) that can be expressed in 
terms of elementary functions. However, f’ is analytic in the simply connected 
domain y > 0, and so, from Theorem 5.8 of Section 5.4, an antiderivative f 
does exist in this domain. The antiderivative is given by the integral formula 


= 1 
f(z) =af ne pas + B, (13) 


where A and B are complex constants. Requiring that f(0) = 0 allows us to 
solve for the constant B. Since i = 0, we have 


0 
i 

0)=A ds+B=0+B=B, 
f(0) | 82/3 (s — 1)?/8 2 


and so f(0) = 0 implies that B = 0. If we also require that f(1) = 1, then 


1 
1 
sa) =4f Sa apn! 


Let [ denote value of the integral 


- 1 
r= | ————~4s. 
| 52/3 (s —1)° 


Then A=1/T and f can be written as 


1 f* 1 
f(2)= of aya 


Values of f can be approximated using a CAS. For example, using the 
NIntegrate command in Mathematica we find that 


f(a) © 0.4244 + 0.33231 and f(1 +4) © 0.5756 + 0.33231. 


ey 


The Schwarz-Christoffel formula can also sometimes be used to find map- 
pings onto nonpolygonal regions. Such mappings are often needed in the 
study of ideal fluid flows. The Schwarz-Christoffel formula can be used when 
the desired nonpolygonal region can be obtained as a “limit” of a sequence of 
polygonal regions. The following example illustrates this technique. 
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| EXAMPLE 4 Using the Schwarz-Christoffel Formula 


Use the Schwarz-Christoffel formula (6) to construct a conformal mapping 
from the upper half-plane onto the nonpolygonal region defined by v > 0, 
with the horizontal half-line v = 7, —co < u < 0, deleted. See Figure 7.26(c). 


Solution Let uo be a point on the nonpositive u-axis in the w-plane. We 
——___e#—__#_________-x can approximate the non-polygonal region defined by v > 0, with the half-line 
v=T7, —co <u <0, deleted by the polygonal region whose boundary consists 
of the horizontal half-line v = 7, —oo < u < 0, the line segment from 77 to 
ug, and the horizontal half-line v = 0, ug < u < co. The vertices of this 
polygonal region are w; = 77 and wz = uo, with corresponding interior angles 
a, and ag. See Figure 7.26(b). If we choose the points z; = —1 and zy = 0 to 
map onto the vertices w; = mi and we = uo, respectively, then (6) gives the 
derivative 


Ae iy + gear", (14) 


Observe in Figure 7.26(b) that as uo approaches —oo along the u-axis, the 
interior angle a, approaches 27 and the interior angle a2 approaches 0. With 
these limiting values, (14) suggests that our desired mapping f has derivative 


1 
f(2)= Aerie =a(142) ‘ (15) 
z 
An antiderivative of the function in (15) is given by 
f(z) =A(z4+Inz)+B, (16) 
(c) Limit of polygonal regions where A and B are complex constants. 


In order to determine the appropriate values of the constants A and B, 
we first consider the mapping g(z) = z+ Lnz on the upper half-plane y > 0. 
The function g has a point of discontinuity at z = 0; thus, we will consider 
separately the boundary half-lines y = 0, -co < « < 0, andy =0,0<a< wo, 
of the half-plane y > 0. If z = x + 02 is on the half-line y = 0, -oo < x < 0, 
then Arg(z) = 7, and so g(z) = a + log, |x| + in. 

When x < 0, x + log, |x| takes on all values from —oo to —1. Thus, 
the image of the negative a-axis under g is the horizontal half-line v = 7, 
—oo <u < —l. On the other hand, if z = «+ 02 is on the half-line y = 0, 
0 <a < o, then Arg(z) = 0, and so g(z) = « + log, |a|. When x > 0, 
x + log, |x| takes on all values from —oo to oo. Therefore, the image of the 
positive z-axis under g is the u-axis. It follows that the image of the half-plane 
y > 0 under g(z) = z+ Ln z is the region defined by v > 0, with the horizontal 
half-line v = 7, —co < u < —1 deleted. In order to obtain the region shown 
in Figure 7.26(c), we should compose g with a translation by 1. Therefore, 
the desired mapping is given by 


Figure 7.26 Figure for Example 4 


f(z) =z+In(z)+4+1. 


ee 
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DDG DCMS IS Yess Answers to selected odd-numbered problems begin on page ANS-22. 


In Problems 1-6, use Theorem 7.5 to describe the image of the upper half-plane 
y > 0 under the conformal mapping w = f(z) that satisfies the given conditions. 


Do not try to solve for f(z). 


1. 


Se oe ae 


f'(2) = (2-1), fa) =0 
f@=Ee+)-", 7-)=0 
f'(2=@4+1IVEe-1) 
f'(2=@4+1)7E@-1) 
f'(2) 

f'(2)=(-1 


2, f(-1) =0, f(1) =1 

“3/4, f(-1) =0, f(0) =1 

=@4I 2 e@-1 "4 7-)=4f70=0, 70 =1 
~M4,-1/2(z  1)-V/4, f(—-1) = -1+4+ i, f(0) =0, f(1) =14+% 


In Problems 7-10, use the Schwarz-Christoffel formula (6) to find f’(z) for a confor- 
mal mapping w = f(z) from the upper half-plane onto the given polygonal region 


shown in gray. Use the values 71 = 


try to solve for f(z). 
7. f(-1)=0, #0) =1 


v 


Figure 7.27 Figure for Problem 7 


f-pe-L a2 


v 


22/3 | 22/3 
-1 1 


Figure 7.29 Figure for Problem 9 


1, x2 = 0, x3 = 1, and so on in (6). Do not 


8. f(-1) =-1, f(0) =0 


Vv 


Figure 7.28 Figure for Problem 8 


10. f(-1) =i, f(0)=0 


Vv 


Figure 7.30 Figure for Problem 10 
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[Focus on Concepts| on Concepts 


11. 


12. 


13. 


14. 


Use the Schwarz-Christoffel formula (6) to construct a conformal mapping from 
the upper half-plane onto the polygonal region shown in gray in Figure 7.31. 
Require that f(—1) = mi and f(1) =0. 


Use Schwarz-Christoffel formula (6) to construct a conformal mapping from 
the upper half-plane onto the polygonal region shown in gray in Figure 7.32. 
Require that f(—1) = —ai and f(1) = ai. 


v v 


Ti 
ai 


Figure 7.31 Figure for Problem 11 Figure 7.32 Figure for Problem 12 


Use the Schwarz-Christoffel formula (6) to verify the conformal mapping in 
entry M-3 of Appendix III by first constructing the derivative of a mapping of 
the upper half-plane onto the polygonal region shown in gray in Figure 7.33. 
Require that f(—1) = —a f(0) = vit, and f(1) = a, and then let v; — —oo 
along the v-axis. 


Use the Schwarz-Christoffel formula (6) to verify the conformal mapping in 
entry M-4 of Appendix III by first constructing the derivative of a mapping of 
the upper half-plane onto the polygonal region shown in gray in Figure 7.34. 
Require that f(—1) = —ui, f(0) = ai, and f(1) = wi, and then let ui — 0 
along the u-axis. 


u Ny uy 


Figure 7.33 Figure for Problem 13 Figure 7.34 Figure for Problem 14 


Computer Lab Assignments Lab Assignments 


In Problems 15-18, use a CAS to approximate the images of the points z1 = i and 


zg = 1+7 under the given function. 


15. 


16. 
17. 


w = f(z) is the mapping from Problem 3. 
w = f(z) is the mapping from Problem 6. 
w = f(z) is the mapping from Problem 8. 

(2) 


= f(z) is the mapping from Problem 9. 
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7.4 Poisson Integral Formulas 


The success of using a conformal mapping to solve a boundary-value problem associated 
with Laplace’s equation often depends on the ability to solve a related boundary-value 
problem in a simple domain such as the upper half-plane y > 0 or the open unit disk 
|z| < 1. In this section we present two important integral formulas for solving a Dirichlet 
problem in these domains. 


Z Yoel MOmacMOljimeaklieladevetes We begin by investigating 


the following Dirichlet problem: 


. 
oP O? 
V°9 =0 Solve: sat a =o co<@r<cw,y>0 
(1) 
ko, -co<au<ay 
@ ; Subject to: o(a#,0) = 
fei a=% : ky, % <2£< 0, 
O=1 0=0 


where kg and k, are real constants and x, is a point on the zfunction d(x, y) 
Figure 7.35 Dirichlet problem (1) that depends on the angle @ between the ray emanating from x, and containing 
the point x; +1 on the x-axis and the ray emanating from x; and containing 
the point z = x + iy in the upper half-plane y > 0. After applying the 
translation z — 21, we observe that the angle @ is also the angle between the 
positive x-axis and the vector representation of z— ,. Since z is in the upper 
half-plane, this angle is given by 6 = Arg(z—.,). In order to satisfy the 
boundary conditions in (1), ¢(a, y) must range from k, to ko as @ varies from 
0 to 7. The parametrization of a line segment given by (7) in Section 2.2 
suggests that ¢(x, y) be defined as a function of 6 by: 


1 
or O(a, y) = ki + S (ko — ki) Arg (z — 21), (2) 
where 0 <0 < zr. 

We will now show that the function ¢(#, y) defined in (2) is, in fact, a 
solution of the Dirichlet problem (1). In the upper half-plane y > 0, we have 
that d(x, y) is the imaginary part of the function 


f(z) = ik, +ta|* — Sie o)} 


Because f is analytic when y > 0, it follows from Theorem 3.7 that its imag- 
inary part is harmonic. Therefore, d(x, y) satisfies Laplace’s equation 
oF o 
ore + are —0 (3) 
Ox? Oy? 


when —oo < @ < oo andy > 0. 


y 
Vo =0 
xy x2 Xn 
a rere —O————— 1 
b=k) b= OFkK o =k, 


Figure 7.36 Dirichlet problem (6) 
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We next verify that the boundary conditions of (1) are satisfied by ¢(a, y). 
Assume that z is in the interval (#1, 00) in the real axis. That is, z = «+ 0% 
with x, <x < oo. In this case, Arg(z — 21) = 0, and so (2) gives 


o(a, 0) = ky + - (ko = ky) Arg (z — 21) = ky + - (ko = ky) 0 = ky. (4) 


On the other hand, if z = «+ 0% with —co < # < a, then Arg(z — 41) = 7, 
and so 


1 1 
(a, 0) = ky + z= (ko = k,) Arg (z — x1) = ky + pa (ko — ky) T= ko. (5) 
Therefore, from (3), (4), and (5), we conclude that the function ¢(x, y) defined 
by (2) is a solution of the Dirichlet problem (1). 


The foregoing discussion can be generalized. In particular, consider the 
Dirichlet problem 


Po Op _ 


Solve: 52 | Dy? 


0, -coo<a<om,y>0 


ko, -co< U< a1 
ky, by (i ee! a 
Subject to: $(x,0) = 


his Bei SD OO, 


where 21 < %2 <<... < %p are n distinct points on the x-axis and ko, ky, 
..., ky are n+1 real constants. See Figure 7.36. Observe that (1) is simply 
a special case of (6) corresponding to n = 1. With reasoning similar to that 
used to obtain (2) we construct the function 


n 


60,9) = fn + => (kya — hy) Arg (2 = 2). (7) 


As with (2), we can verify that this function is harmonic in the domain y > 0 
by observing that ¢(z, y) is the imaginary part of the analytic function 


f(z) = tk, + Yotn| as (z—2;)}. 
j=l 


Now we show that (2, y) satisfies the boundary conditions in (6). Let N 
be a fixed value of 7. If z = «+02 is a point with ay < & < xy414, then 


Vo =0 


a) 
ll 
N 


o=- o=5 


Figure 7.37 Figure for Example 1 
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Arg(z—2;) = 0 for 1 <j < N, while Arg(z —2;) =a for N+1<j<n. 
Therefore, for z = x + 02 with ay < @ < ay41, (7) gives 


(00) = ba +=) (ja — bj) Arg(2—25) 


j=l 
1 N 1 n 
= kn + =Dy (kj—1 — ky) Arg(z—aj) + — > (hj—-1 — hj) Are(z—25) 
j=l j=N41 
1 N n 
= kn + —)  (kj-1 — kj) 0+ — Pa (kj—1 — ky) +m 
j=l j=N41 
= kn + (kn — kn 41) + (Kwai — kn 42) ++++ + (kn—-1 — kn) 


= ky. 


Therefore, the function ¢(a, y) satisfies the boundary conditions of (6). In 
summary, we have shown that the function ¢(#, y) defined in (7) is a solution 
of the Dirichlet problem given by (6). This solution will be used to find an 
integral formula for a solution of a more general type of Dirichlet problem in 
the upper half-plane y > 0. 


EXAMPLE 1 Using the Poisson Integral Formula 
Use (7) to solve the Dirichlet problem 


bo Od 
Solve: an? ap o<@r<c,y>0 
2, —oo< 2 <0 
Subject to: o(@,0)={ -1, 0<a<3 


5, 3<B< MQM, 


illustrated in Figure 7.37. 


Solution Identifying ko = 2, kj = —1, ko =5, a; = 0, and x2 = 3 in (7), we 
obtain the solution 


d(x,y) = 5+ —(2+1) Arg (2—0) + —(-1~5) Arg(2—3) 


= 5+ Se (z) - ee (z—3). 
7 7 


ee 


IMO OMMinecteMdeymenvie-d A special case of the Dirichlet problem 


(6) occurs when kp = ky, = 0. 
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0? o? 
Solve: xo ao co<r<w,y>0 
(8) 
0, -wO <4“4< 2, 
ky, @<"4< 2 
Subject to: $(x,0) = 
Kis Tn-1<L< In 
0, Py, SL <SIO. 
After setting z; = z— a; fori =1,2,... mn and identifying kp = k, = 0, the 


solution given by (7) can be written as 


1 
d(a,y) =0+ —[(0 — k,) Arg 21 + (ki — ko) Arg zg +--+ + (kn-1 — 0) Arg zy] 


T 


1 
= [ki (Arg zo — Arg 21) + ko(Arg z3 — Arg zo) +++: + ky_i(Arg zn — Arg 2n—1)] 


n—-1 k; 
= S> . (Arg 2341 — Arg z;) 
j=l 


That is, the function 


oo, 9) = > © fate ( — 241) — Ate (e— 2) (9) 


is a solution of the Dirichlet problem in (8). 
We can write (9) in terms of a real improper integral. In order to do so, 
let t be a real variable and observe that if y > 0, then 


—t d 
Arg (z—t) = cot’ (=) and ete (z-t)= 


Put another way, 


X41 y 
Arg(2j41) ~~ Arg(z;) = dt (x = t)? a y? dt. 


With these substitutions, (9) becomes 


MAT pooja 


2h, GHP Te 


Since ¢(2,0) = 0 when 2 < 2; or © > ap, O(a, y) can also be written as 


dla, y) = Lf 5 a re dt. (10) 


424 
y 
V6 =0 
=J 1 
“o=0  |@=x  o=0 ~* 


Figure 7.38 Figure for Example 2 
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The integral formula in (10) is called the Poisson integral formula for the 
upper half-plane y > 0, and it gives a solution 4(z, y) of the Dirichlet problem 
in (8). The Poisson integral formula can also be used to solve a more general 
type of Dirichlet problem in which the boundary conditions are specified by 
any piecewise continuous and bounded function. This is the content of the 
following theorem. 


Theorem 7.6 Poisson Integral Formula for the Half-Plane 


Let f(z) be a piecewise continuous and bounded function on 
—co < x < oo. Then the function defined by 


T 


(ey) = 4 Oat (11) 


—oo (2=t? +y? 


is a solution of the Dirichlet problem in the upper half-plane y > 0 with 
boundary condition ¢(#,0) = f(a) at all points of continuity of f. 


Unfortunately, there are few functions f for which the Poisson integral 
formula (11) can be evaluated. The following example represents an exception 
to the previous remark. 


EXAMPLE 2. Using the Poisson Integral Formula 


Use the Poisson integral formula (11) to find a solution of the Dirichlet 
problem 


ro Oo = 


Solve: 72 + Dye 


0, -wo<a4r<w,y>0 


Subject to: o(@,0)={ 2, -l<a<l 


illustrated in Figure 7.38. 


Solution We first define a real function f by f(a) = ¢(#,0). Then 
f(x) = « on —1 < a < 1 and 0 elsewhere. Thus, f is piecewise continu- 
ous and bounded on the real line —co < x < oo. After replacing the symbol 
x with the integration variable t, we identify f(t) = o(t,0) =t for -l<t<1l 
and 0 elsewhere. Then (11) gives 


lay) = Ef” Sem wae tae 


Tho (@—tP+y? — mi_y (a@—-t/P? +4? 
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With the substitutions s = x —t and ds = —dt this integral becomes 
x—1 x—1 x—1 
L-—Ss x $s 
i(a,y) = uf 5 ds = uf : sds+¥ f ds 
Thepl So TY Tap Sry Tati So TY 


From elementary calculus we have that 


[sige bow (f+ 


Ss 1 2 2 
and [| epee Zhe (6 +y?) +C2. 
Therefore, 
a . s=2—1 y gees 
d(z,y) = —— tan (2) + — log, (s? + y’) 
T UY) \sceag s=a+1 


1 —1 —1)? 7 
se) me (5 GH 
T y y Qr (a +1)? + y? 


is a solution of the Dirichlet problem. 


i XeygeleeMcomancmOnimeDsem A Poisson integral formula for the unit 


disk can be derived in a similar manner. This gives an integral formula for 
a solution of a Dirichlet problem in the open unit disk |z| < 1 subject to 
certain types of boundary conditions. The following theorem gives the precise 
statement of this result. 


Theorem 7.7 Poisson Integral Formula for the Unit Disk 


Let f(z) be a complex function for which the values f (ec?) on the unit 
circle z = e’® give a piecewise continuous and bounded function for 
—a <6@<7. Then the function defined by 


oy) =x fF (e) Fat (12) 


27 


=r 


is a solution of the Dirichlet problem in the open unit disk |z| < 1 with 
boundary condition ¢(cos 0, sin @) = f (e’?) at all points of continuity of f. 


As with Theorem 7.5, the integral given in (12) can seldom be expressed 
in terms of elementary functions. When we cannot evaluate the integral, we 
appeal to numerical methods to approximate values of a solution given by 
(12). 
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| EXAMPLE 3 Using the Poisson Integral Formula 


. Use the Poisson integral formula (12) to find a solution of the Dirichlet 
problem 
rd Oo ar 
; Solve: a2 oe Se <1 


Subject to: é(cos6,sin@) = |0|, -7<0<n7, 


Figure 7.39 Figure for Example 3 illustrated in Figure 7.39. 


Solution The function f(e’’) = ¢(cos0,sin #) = |6| is piecewise continuous 
and bounded for —1 < 0 < m. Thus, after identifying f(e"’) = d(cost, sint) = 
|t} in (12) we obtain the integral formula 


if". iia 
ale.y) = 5 fo lat 


Qn —T |e —2| 


This integral cannot be evaluated in terms of elementary functions. However, 
with the use of the NIntegrate command in Mathematica we can approxi- 


mate values of the function ¢(a, y). For example, Mathematica indicates that 
1 


(4,0) + 0.9147 and ¢ (0, $) © 1.5708. 


DGD NOMS DS VEZ" Answers to selected odd-numbered problems begin on page ANS-22. 


In Problems 1-4, use (7) to solve the given Dirichlet problem in the upper half-plane 


y > 0. 
1. y 2. y 
V2 =0 V6 =0 
-1 0 1 : -2 Oil : 
@=0 g=-1]G=1  o=0~ g=-1  $=5 |=1 6=0° 


Figure 7.40 Figure for Problem 1 Figure 7.41 Figure for Problem 2 
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x a Sn a, aa arenes 
$=0 O=-1 $=1|6=0 6=5 g=1 0=-1¢=1|0=2 o=4 
Figure 7.42 Figure for Problem 3 Figure 7.43 Figure for Problem 4 


In Problems 5-8, use the Poisson integral formula (11) to solve the Dirichlet problem 
in the upper half-plane y > 0 subject to the given boundary conditions. 


0, —-70o <2z<0 -1, -w<a<-l 
5. o(#,0)=4 2-1, O0<a<2 6. o(@,0)=4 a2, -l<a<l 
0, 2<2<0O 1, 1<2<0oo 
0, -—oo< 24 <0 0, -—oo< 2 <0 
7. o(2,0)=% 27, O0<2<1 8. 6(2,0)=4 2, O0<a<1 
0, L<a2<oo 1, Lee<eoo 
9. (a) Use the techniques presented in Section 6.6 to establish the integral 
formulas 
I. eegds = Te and - spespds = 0 for a> 0. 


(b) Solve the Dirichlet in the upper half-plane y > 0 subject to the boundary 
condition ¢(#,0) = cosa,—oo < x < oo. [Hint: Make the substitution 
s =t—z and use the formulas in part (a).] 


10. Solve the Dirichlet in the upper half-plane y > 0 subject to the boundary 
condition ¢(#,0) = sinx,—oo < x < oo. [Hint: Make the substitution s = t—« 
and use the formulas in part (a) of Problem 9.] 


[Focus on Concepts on Concepts 


11. Let f(z) be a complex function and suppose that on the unit disk z = et? 
—1 <0 <7, we have that f (e**) is piecewise continuous and bounded. Let 
z= re”’,0<r <1, bea point inside the unit disk. Show that the Poisson 


integral formula (12) can be written as 


_ ae of #\ 1-|z? , 1 [7 2 lr? 
o(@,9) = al ile rere Qn | fle [ppm oncteee) its) 


—T 


12. In this problem we determine a solution of the Dirichlet problem on the unit 
disk subject to a piecewise constant boundary condition. That is, we derive a 
formula for a solution of a Dirichlet problem in the unit disk that is analogous 
to the Dirichlet problem (6) in the half-plane. 
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(a) Verify that 


1 1-r? 1. _,fJl+r on) 
dt = —t t C. 14 
2) = ae hex saa a 7 oe 


(b) Assume that 01 < 02 <... < 0 are n distinct points in the interval (—7, 7). 
Explain how (13) and (14) can be used to solve the Dirichlet problem 
Po Po _ 

Ox? © Oy? 


Solve: 0, 2? +y?<1 


ko, —7T<O0< 01 

ky, 01<0< 2 
Subject to: @(cos@,sin0@) = 

kn, On <O< 7. 


13. Use Problems 11 and 12 to solve the Dirichlet problem in the unit disk shown 
in Figure 7.44. 


14. Use Problems 11 and 12 to solve the Dirichlet problem in the unit disk shown 
in Figure 7.45. 


g=-1 


Figure 7.44 Figure for Problem 13 Figure 7.45 Figure for Problem 14 


Computer Lab Assignments 


In Problems 15 and 16, (a) use the Poisson integral formula (12) to find an integral 
representation of a solution of the given Dirichlet problem in the unit disk, and (b) 
use a CAS to approximate the values of the solution at the points (0,0), (3, 4), and 


(0,4). 
15. y 16. y 


2 
6(cos6, sin) = La ¢(cos@, sin6) =e~!9! 
1 


V76=0 


Figure 7.46 Figure for Problem 15 Figure 7.47 Figure for Problem 16 
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7.5 Applications 


In this section we revisit the method introduced in Section 4.5 for solving Dirichlet prob- 
lems; here we incorporate the new mappings defined in this chapter or in Appendix III. We 
also describe a similar process for solving a new type of boundary-value problem that relies 
on finding a conformal mapping between two domains. This allows us to investigate more 
complicated boundary-value problems arising in the two-dimensional modeling of electro- 
statics and heat flow. We conclude this section with an application of conformal mapping 
to the problem of finding an irrotational flow of an incompressible fluid, that is, the flow of 
an ideal fluid, in a region of the plane. 


7.5.1 Boundary- Value Problems 


IDytateslicimmaskeleytcyat-Matewasincteme Suppose that D is a domain in the 


z-plane and that g is a function defined on the boundary C' of D. The problem 

of finding a function ¢(z, y) that satisfies Laplace’s equation V7¢ = 0, or 
OP POs. 
Ox? Oy? 


0, (1) 


in D and that equals g on the boundary of D, is called a Dirichlet problem. 

In Section 4.5, we saw that analytic functions can be used to solve certain 
Dirichlet problems. We obtained a solution of a Dirichlet problem in a domain 
D by finding an analytic mapping of D onto a domain D’ in which the 
associated, or transformed, Dirichlet problem can be solved. That is, we 
found a mapping w = f(z) of D onto D’ such that f(z) = u(a, y) + iv(a, y) 
is analytic in D. By Theorem 4.5, if ®(u, v) is a solution of the transformed 
Dirichlet problem in D’, then ¢(a, y) = ®(u(z, y), v(x, y)) is a solution of 
the Dirichlet problem in D. Thus, our method presented in Section 4.5 for 
solving Dirichlet problems consisted of the following four steps: 


e Find an analytic mapping w = f(z) = u(a, y) +iv(a, y) of the domain 
D onto a domain D’, 


e transform the boundary conditions from D to D’, 


e solve the transformed Dirichlet problem in D’, and 
e set o(x, y) = P(u(x, y), v(z, y)). 


For a more detailed discussion of these steps refer to Section 4.5 and Figure 
4.19. 

In this chapter we investigate a number of topics that can help complete 
these four steps. The table of conformal mappings discussed in Section 7.1, 
the linear fractional transformations studied in Section 7.2, and the Schwarz- 
Christoffel transformation of Section 7.3 provide a valuable source of mappings 
to use in Step 1. In addition, if D’ is taken to be either the upper half-plane 
y > 0 or the open unit disk |z| < 1, then the Poisson integral formulas of 
Section 7.4 provide a means to determine a solution of the associated Dirichlet 
problem in D’. 


430 


(a) Dirichlet problem 


(b) Transformed Dirichlet problem 


Figure 7.48 Figure for Example 1 
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In the following examples, we will apply some ideas from the preceding 
sections in this chapter to help solve Dirichlet problems arising in the areas 
of electrostatics, fluid flow, and heat flow. Recall from Section 3.3 that if 
a function ¢(a, y) satisfies Laplace’s equation (1) in some domain D, then 
(a, y) is harmonic in D. Moreover, if w(a, y) is a harmonic conjugate of 
d(x, y) in D, then the function 


Q(z) = o(x,y) + (a, y) 


is analytic in D and is called a complex potential function. The level 
curves of ¢ and w have important physical interpretations in applied mathe- 
matics. Their interpretations are summarized in Table 3.1 of Section 3.4. 


EXAMPLE 1 A Heat Flow Application 


Determine the steady-state temperature ¢ in the domain D consisting of all 
points outside of the two circles |z| = 1 and |z— 3| = $, shown in color in 


Figure 7.48(a), that satisfies the indicated boundary conditions. 


Solution The steady-state temperature ¢ is a solution of Laplace’s equation 
(1) in D that satisfies the boundary conditions 


We solve this problem using the four steps given on page 429. 


Step 1 Entry C-1 in Appendix III indicates that we can map D onto an 
annulus. Identifying b = 2 and c= 3 in Entry C-1, we find that 


aw tlt VY 1)(?—1) _ 7+2V6 


b+e 5 : 


be-1 b? —1)(c? -—1 
and To = c o AG Js 2V6. 


Thus, the domain D is mapped onto the annulus 5 — 2/6 < w < 1 shown in 
gray in Figure 7.48(b) by the analytic mapping w = f(z), where 


5z—-7-2V6 
f= Tae) 2-5 a 


Step 2 Inspection of entry C-1 in Appendix III shows that the boundary circle 
|z _ 3| a 5 is mapped onto the boundary circle |w| = ro = 5 — 2V6. Thus, 
the boundary condition @ = 0 is transformed to the boundary condition ® = 0 
on the circle |w| = 5 — 26. Similarly, we see that the boundary condition 
@ = 30 on the circle |z| = 1 is transformed to the boundary condition ® = 30 
on the circle |w| = 1. See Figure 7.48(b). 
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Step 3 The shape of the annulus along with the fact that the two bound- 
ary conditions are constant in Figure 7.48(b) suggests that a solution of the 
transformed Dirichlet problem is given by a function ®(u, v) that is defined in 
terms of the modulus r = Vu? + v? of w = u+iv. In Problem 14 in Exercises 
3.4 you were asked to show that a solution is given by 


®(u,v) = Alog, Vu2 +v? 4 B, (3) 
where 
A= ko — ky ae pa —kolog. b+ ki logea 


log, (a/b) log, (a/b) 


Following the definitions of ko, ki, a, and 6 given in Problem 14, we have 
a=5— 2/6, b=1, ky =0, and k; = 30. Thus, we obtain the solution 


—30 log, Vu? + v2 
log, (5 — 2V6) 


P(u,v) = + 30 (4) 


of the transformed Dirichlet problem. 


Step 4 The final step is to substitute the real and imaginary parts of the 
function f given by (2) for the variables u and v in (4). Since 


5z— 7-276 
ulzr,y) + wiz, y) = >; 
Ct WEY = ToT 2—8 
we have 
5z—- 7-26 
u(x, y)?2 + v(a, y)? = |__|. 
Vu(a,y)? + (x,y) (74 2V8)z—5 
Therefore, the steady-state temperature is given by the function 
—30 5z- 7-2/6 
L,Y) = log, + 30. 
PY) = Te 2v6) | 4 ave) x5 


ee 


A complex potential function Q(z) = ¢(a, y)+%y(a, y) for the harmonic 
function d(x, y) found in Example 1 is 


a 
~ log, (5 — 2v6) 


5z-7-2V6 


(7+2v6) 2-5 Pia 


Q(z) 


If we define this function as Q{z] in Mathematica, then the real and imagi- 
nary parts ¢(a, y) and w(a, y) of Q(z) are given by Re[Q[z]] and Im{Q{z]], 
respectively. We can then use the ContourPlot command in Mathematica 
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Figure 7.49 Isotherms and lines of heat 


flux for Example 1 


(a) Dirichlet problem 


Vv? o=0 


®=-10 


(b) Transformed Dirichlet problem 


Figure 7.50 Figure for Example 2 
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to plot the level curves of the real and imaginary parts of 9. For example, 
the command 


ContourPlot[{ Re[Q[x + I y]] , {x, a, b}, {y, c, d} ] 


produces a plot of the level curves ¢ = c; in the rectangular region a < x < b, 
c<y<dofthe plane. According to Table 3.1 in Section 3.4, the level curves 
of @ and w represent the isotherms and lines of heat flux, respectively. Both 
sets of level curves are shown in Figure 7.49. The isotherms are the curves 
shown in color and the lines of heat flux are the curves shown in black. 


EXAMPLE 2. An Electrostatics Application 


Determine the electrostatic potential @ in the domain D between the circles 


|z| = 1 and |z _ | = $, shown in color in Figure 7.50(a), that satisfies the 


indicated boundary conditions. 


Solution The electrostatic potential ¢ is a solution of Laplace’s equation (1) 
in D that satisfies the boundary conditions 


o(z,y)=—10 on 2? +y? =1, 
2 
d(x,y)=20 on (a — 4) +y? =. 


We proceed as in Example 1. 


Step 1 The given domain D can be mapped onto the infinite horizontal 
strip 0 < v < 1, shown in gray in Figure 7.50(b), by a linear fractional 
transformation. One way to do this is to require that the points 1, i, and 
—1 on the circle |z| = 1 map onto the points oo, 0, and 1, respectively. 
By Theorem 7.4 in Section 7.2 the desired linear fractional transformation 
w = T(z) must satisfy 


By construction, the circle |z| = 1 is mapped onto the line v = 0 by w = T(z). 
Furthermore, because the pole z = 1 of (5) is on the circle |z - | = 5, it 
follows that this circle is also mapped onto a line. The image line can be 


determined by finding the image of two points on the circle |z = 3| = 4. For 


the points z = 0 and z = $+ n the circle |z — 5] = 5, we have T(0) = 1+i 
and T (5 + si) =-—1-+7. Therefore, the image of the circle |z = s| = $ must 
be the horizontal line v = 1. Using the test point z = —t, we find that 


T (- 5) =1+ at, and so we conclude that the domain shown in color between 
the circles in Figure 7.50(a) is mapped by w = T(z) onto the domain shown 


in gray between the horizontal lines in Figure 7.50(b). 
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Step 2 From Step 1 we have w = T(z) maps the circle |z| = 1 onto the 
horizontal line v = 0, and it maps the circle |z - 5| = 4 onto the horizontal 
line v = 1. Thus, the transformed boundary conditions are ® = —10 on the 
line v = 0 and ® = 20 on the line v = 1. See Figure 7.50(b). 


Step 3 Modeled after Example 2 in Section 3.4 and Problem 12 in Exercises 
3.4, a solution of the transformed Dirichlet problem is given by 


®(u,v) = 30v — 10. 


Step 4 A solution of the original Dirichlet problem is now obtained by sub- 
stituting the real and imaginary parts of T(z) defined in (5) for the variables 
u and v in ®(u, v). By replacing the symbol z with w+ iy in T(z) and 
simplifying we obtain: 


,atiy—i ytt+ily—1)ex-1—iy 
7 =(1 = (1 
(x + iy) = ( Parra ae l+yi c—l—jy 
ety 22 2y+1 1-g'-y' , 
(a —1)?+ y? (@—-1P?+y?" 
Therefore, 
1-2? —;/ 
= 39___—* 10 6 
P(2, y) (2-1)? +? (6) 


is the desired electrostatic potential function. 


A complex potential function for the harmonic function (x, y) given by 
(6) in Example 2 can be found as follows. If Q(z) is a complex potential for 
g, then Q(z) = g(a, y) + iv(a, y) and Q(z) is analytic in D. From Step 
4 of Example 2 we have that the complex function T(z) given by (5) has 

. . x? + y* —22—-2y+1 1-2? —7 

real and imaginary parts u = (= D24%2 and v = G@a1P + 
respectively. That is, T(z) = u+iv. We also have from Step 4 that o(x, y) = 
30v — 10. In order to obtain a function with 30v — 10 as its real part, we 


multiply T(z) by —307 then subtract 10: 


—30iT(z) — 10 = —30i(u + iv) — 10 = 30v — 10 — 30ui. 


zZ-4 
7 is analytic in D, it follows that the function 


Since T(z) = (1 — i) 
—30iT(z) — 10 is also analytic in D. Therefore, 
Za 


Q(z) = 304 (1 — i) —— - 10 (7) 


is a complex potential function for ¢(a, y). Since ¢ represents the electrostatic 
potential, the level curves of the real and imaginary parts of 2 represent 
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Figure 7.51 Equipotential curves and 


lines of force for Example 2 
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the equipotential curves and lines of force, respectively. The Mathematica- 
generated plot in Figure 7.51 shows the equipotential curves in color and the 
lines of force in black. 


INVejbbaabeveval Ieewelejlereal) Theorem 7.1 states that an analytic mapping is 


conformal at a point where the derivative is nonzero. This fact did not appear 
to be of immediate importance in previous examples when we solved Dirichlet 
problems, but it is extremely important in another class of boundary-value 
problems associated with Laplace’s equation called Neumann problems. 


Neumann Problem 


Suppose that D is a domain in the plane and that h is a function defined on 
the boundary C of D. The problem of finding a function ¢(a, y) that sat- 
isfies Laplace’s equation in D and whose normal derivative db/dn equals 
h on the boundary C of D is called a Neumann problem. 


Certain types of Neumann problems occur naturally in the study of elec- 
trostatics, fluid flow, and heat flow. For example, consider the problem of 
determining the steady-state temperature ¢ in a domain D with boundary 
C.. If the temperatures on the boundary C of D are specified, then we have 
a Dirichlet problem. However, it may also be the case that all or part of 
the boundary is insulated. This means that there is no heat flow across the 
boundary, and, it can be shown that this implies that the directional derivative 
of ¢ in the direction of the normal vector n to C is 0. We call this derivative 
the normal derivative and denote it by dé/dn. In summary, an insulated 
boundary curve in a heat flow problem corresponds to a boundary condition of 
the form dé/dn = 0, and, thus, is an example of a Neumann problem. As the 
following theorem asserts, conformal mappings preserve boundary conditions 
of the form d¢/dn = 0. 


Theorem 7.8 Preservation of Boundary Conditions 


Suppose that the function f(z) = u(x, y)+iv(a, y) is conformal at every 
point of a smooth curve C. Let C’ be the image of C under w = f(z). If 
the normal derivative d®/dN of the function ®(u, v) satisfies 


at every point on C” in the w-plane, then the normal derivative dé/dn of 
the function ¢(a, y) = ®(u(az, y), v(a, y)) satisfies 


de 
3 


at every point of C in the z-plane. 
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Proof Assume that f and h satisfy the hypothesis of the theorem. Let 
Zq = Xo +tyo be a point on C and let wo = uo + ivo = f(z) be its image on 
C’. Recall from calculus that if N is a normal vector to C’ at wo, then the 
normal derivative at wo is given by the dot product 

d® 

aN = VO-N, 
where V® is the gradient vector ®,,(uo, vp)i+ ®,(uo, vo)j. The condition 
d®/dN = 0 implies that V® and N are orthogonal, or, equivalently, that 
V® is a tangent vector to C’ at wo. Let B’ be the level curve ®(u, v) = co 
containing (ug, vo). In multivariable calculus, you learned that the gradient 
vector V® is orthogonal to the level curve B’. Thus, since the gradient is 
tangent to C’ and orthogonal to B’, we conclude that C’ is orthogonal to B’ 
at wo. See Figure 7.52. 

Now consider the level curve B in the z-plane given by 


g(a, y) = (u(x, y), v(z, y)) = Co. 


The point (29, yo) is on B and the gradient vector V¢ is orthogonal to B at 
this point. Moreover, given any point (a, y) on B in the z-plane, we have 
that the point (u(x, y), v(#, y)) is on B’ in the w-plane. That is, the image 
of B under w = f(z) is B’. The curve C intersects B at zo, and because f 
is conformal at zo, it follows that the angle between C' and B at zp is the 
same as the angle between C’ and B’ at wo. In the preceding paragraph we 
found that this angle is 7/2, and so C and B are orthogonal at zo. Since 
V¢ is orthogonal to B, we must have that V@ is tangent to C. If nisa 
normal vector to C at zo, then we have shown that V@ and n are orthogonal. 
Therefore, 


Figure 7.52 Figure for the proof of 
Theorem 7.8 


dp _ _ 
Sei a & 


Theorem 7.8 gives us a procedure for solving Nuemann problems associ- 
ated with boundary conditions of the form dé/dn = 0. Namely, we follow 
the same four steps given on page 429 to solve a Dirichlet problem. In Step 
1, however, we find a conformal mapping from D onto D’. Since conformal 
mappings preserve boundary conditions of the form d¢/dn = 0, solving the 
associated Nuemann problem in D’ will give us a solution of the original 
Nuemann problem. Because analytic mappings are conformal at noncritical 
points, this approach also works with mixed boundary conditions. Roughly, 
these are boundary conditions where values of @ are specified on some bound- 
ary curves, whereas the normal derivative is required to satisfy dé/dn = 0 on 
other boundary curves. 


EXAMPLE 3 A Heat Flow Application 


Find the steady-state temperature ¢ in the first quadrant, shown in color in 
Figure 7.53(a), which satisfies the indicated mixed boundary conditions. 
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(a) Boundary-value problem 


2 GN | dN 2 


(b) Transformed boundary-value problem 


Figure 7.53 Figure for Example 3 
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Solution The steady-state temperature ¢ is a solution of Laplace’s equation 
in the domain D defined by 0 < x < oo, 0 < y < ow, which satisfies the 
boundary conditions 


o(0,y) =0, y>1 
o(x,0) = 1, a>1 
dp 


aa forO<y<1,z=0, and0<2<1l,y=0. 


We will find ¢ using the four steps given on page 429. 


Step 1 As we will see in Step 3, this particular type of boundary-value 
problem is easy to solve in the half-infinite vertical strip —a < u <a, v > 0, 
when the boundary curve —a < u < a, v = 0, is insulated. Thus, in this 
step we find a conformal mapping of the first quadrant onto a half-infinite 
vertical strip. By identifying a = 2 in entry E-4 of Appendix III, we see that 
the first quadrant is mapped onto the upper half-plane v > 0 by the mapping 
w = z?. Next we apply the mapping w = sin~/ z of entry E-6. Under this 
mapping, the upper half-plane y > 0 is mapped onto the half-infinite vertical 
strip hn <u< st, v > 0. Therefore, the composition 


w=sin (2?) (8) 


maps the first quadrant x > 0, y > 0, onto the domain D’ defined by 
—in<u<$n,u>0. 


Step 2 From entries E-4 and E-6 of Appendix III we see that the boundary 
curves 1 < @ < w,y = 0, andl < y < w,a2 = 0, are mapped by w = 
sin7! (2°) onto the half-lines u = 5T, v > 0, and u= —4n, v > 0, respectively. 
We also see that the segments 0 < « <1,y=0, andO<y< 1,2 = 0, are 
mapped onto the segments 0 < u < $1 ,U = 0, and —in <u<0,v = 0, 
respectively. Thus, the transformed boundary conditions are 


Tv Tv 

o(-4,v) = 0 (7,0) =—ige0 
d® 1 
ano —-~<u<+,v=0. 


Step 3 Inspection of the domain D’ and the transformed boundary conditions 
suggests that a solution ® is a linear function in the variable u. That is, 


®(u,v) = Au+B 


for some real constants A and B. Since the vector N = 0i+ 1j is normal to 
the boundary curve —in <u< $7, v = 0, we have 


d® 
oy = V®-N = A(0) +0(1) =0, 


and so, for any values of A and B, ® satisfies the boundary condition for the 
normal derivative. By requiring that 


T TT TT TT 
o(-5,0) =-AL+B=0 and 0 (5,0) =AL+B=1, 
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we can solve for the constants A and B to obtain the solution 


P(u,v) = wut - (9) 


Step 4 In order to find a solution of the original boundary-value problem, we 
substitute the real and imaginary parts of the mapping in (8) for the variables 
u and v in (9). Since the formula for the real part of the expression sin~' (27) 
is complicated, the simplest way of writing the solution ¢ is 


&(a,y) = Re [sin™* (z?)] + . 


CO CLCLCC—*nN- 


Since both 1/7 and $ are real, a complex potential function Q(z) = 
d(x, y) + iwW(a, y) for the steady-state temperature function ¢ found in 
Example 3 is 

1 1 


Q(z) = — sin”! (2?) + 5" 


The level curves of the real and imaginary parts of Q represent isotherms and 
lines of heat flux, respectively. In Figure 7.54, we have used Mathematica to 
plot these curves. The isotherms are shown in color and the lines of heat flux 
are shown in black. 


Figure 7.54 Isotherms and lines of heat 
flux for Example 3 


7.5.2 Fluid Flow 


eijucrtselbeateersa) We now discuss a method of using conformal mappings 


to model the planar flow of an ideal fluid. Recall from Section 5.6 that an 
ideal fluid is an incompressible nonviscous fluid whose flow is irrotational. If 
Q(z) = (a, y) + iv (a, y) is the complex velocity potential of the flow of an 


y ideal fluid in a domain D, then Q(z) is analytic in D and f(z) = 0'(z) isa 

7 complex representation of the velocity field. Furthermore, the streamlines 

———S— of the flow of an ideal fluid are the level curves w(x, y) = ce, and, for this 
S| reason, w is called the stream function of the flow. 


As a simple example consider the complex analytic function Q(z) = Az, 
where A > 0 is a real constant. As presented in part (b) of Example 3 in 
Section 5.6, this function is the complex velocity potential of the velocity field 
oy of the flow of an ideal fluid whose complex representation is f(z) = Q'(z) = A. 
Since Q(z) = Az = Ax+iAy, the streamlines of this flow are the curves y = co. 
All streamlines are therefore horizontal. See Figure 7.55. Recall from Section 
5.6 that this particular flow is called the uniform flow. 

Figure 7.55 Uniform flow The process of constructing a flow of an ideal fluid that remains inside 
a given domain D is called streamlining. If C is a boundary curve of D, 
then the requirement that the flow remain inside of D means that there is 
no flow across C, or, equivalently, that the directional derivative of w in the 
direction of the normal vector n to C is 0. Since the gradient vector Vw is 
always normal to the level curve w(x, y) = C2, this condition is equivalent to 
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w being constant on C. Put yet another way, the boundary of D must be a 
streamline of the flow. The following summarizes this discussion. 


Streamlining 


Suppose that the complex velocity potential Q(z) = d(x, y) + (a, y) 
is analytic in a domain D and that w is constant on the boundary of D. 
Then f(z) = 9'(z) is a complex representation of the velocity field of a 
flow of an ideal fluid in D. Moreover, if a particle is placed in D and 
allowed to flow with the fluid, then its path z(¢) remains in D. 


Many streamlining problems can be solved using conformal mappings in 
a manner similar to that presented for solving Dirichlet and Neumann prob- 
lems. In order to do so, we consider the complex velocity potential as an 
conformal mapping of the z-plane to the w-plane. If z(t) = a(t) + iy(t) isa 
parametrization of a streamline (a, y) = co in the z-plane, then 


w(t) = Q(2(t)) = o(a(t), y(t) + (a), y(t) = O(a(t), yD) + ter. 


Thus, the image of a streamline under the conformal mapping w = (2(z) is 
a horizontal line in the w-plane. Since the boundary C is required to be a 
streamline, the image of C under w = Q(z) must be a horizontal line. That 
is, we can determine the complex velocity potential by finding a conformal 
mapping from D onto a domain in the w-plane that maps the boundary C of 
D onto a horizontal line. It is often the case, however, that it is easier to find a 
conformal mapping z = Q~'(w) from, say, the upper half-plane v > 0 onto D 
that takes the boundary v = 0 onto the boundary C of D. If z =Q7'(z) isa 
one-to-one function, then its inverse w = 20(z) is the desired complex velocity 
potential. In summary, we have the following method for solving streamlining 
problems. 


Solving a Streamlining Problem 

Tf w= Q(z) = d(a, y) + iv(a, y) is a one-to-one conformal mapping of 
the domain D in the z-plane onto a domain D’ in the w-plane such that 
the image of the boundary C of D is a horizontal line in the w-plane, then 
f(z) ='(z) is a complex representation of a flow of an ideal fluid in D. 


EXAMPLE 4. Flow around a Corner 


Construct a flow of an ideal fluid in the first quadrant. 


Solution Let D denote the first quadrant « > 0, y > 0. From Entry E-4 
of Appendix III with the identification a = 2, we see that w = Q(z) = z? is 
a one-to-one conformal mapping of the domain D onto the upper half-plane 
v > 0 and that the image of the boundary of D under this mapping is the real 


axis v = 0. Therefore, f(z) = 9'(z) = 22 is a complex representation of the 


x 


Figure 7.56 Flow around a corner 


Figure 7.57 Flow around a cylinder 
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flow of an ideal fluid in the first quadrant. Since Q(z) = 2? = 2? — y? + 2ayi, 


the streamlines of this flow are the curves 2xy = cg. Some streamlines have 
been plotted in Figure 7.56. It should be clear from this figure why this flow 
is referred to as “flow around a corner.” 


EXAMPLE 5 Flow around a Cylinder 


Construct a flow of an ideal fluid in the domain consisting of all points outside 
the unit circle |z| = 1 and in the upper half-plane y > 0 shown in Figure 7.57. 


Solution Let D be the domain shown in Figure 7.57. Identifying a = 2 in 
entry H-3 of Appendix III, we obtain the one-to-one conformal mapping 


1 
w=O(z)=z4+- 
z 


of D onto the upper half-plane v > 0. In addition, entry H-3 indicates that 
the boundary of D is mapped onto the real axis v = 0. Therefore, 


= 1 1 
f(2) =O(2)=1-B=1-Z 
z Zz 
is a complex representation of a flow of an ideal fluid in D. Since 
1 a . y 
Oe) =24t=24+ ze atily ata). 


the streamlines of this flow are the curves 


V(@,y)=c2, or y C2. 


—_ oa — 
Some streamlines for this flow have been plotted in Figure 7.57. 


It is not always possible to describe the streamlines with a Cartesian 
equation in the variables x and y. This situation occurs when an appropriate 
mapping z = Q7'(w) of a domain D’ in the w -plane onto the domain D in 
the z-plane can be found, but you cannot solve for the mapping w = 2Q(z). 
In such cases, it is possible to describe the streamlines parametrically. 


EXAMPLE 6 Streamlines Defined Parametrically 


Construct a flow of an ideal fluid in the domain D consisting of all points in the 
upper half-plane y > 0 excluding the points on the ray y = 7, —o < # <0, 
shown in Figure 7.58. 


Solution In Example 4 of Section 7.3 we used the Schwarz-Christoffel formula 
to find a conformal mapping of the upper half-plane y > 0 onto the domain D. 
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By replacing the symbol z with the symbol w in the solution from Example 
4, we obtain the mapping 
z=O7'(w) =w4+Ln(w) 41 (10) 
= / 
Yu 
« of the upper half-plane v > 0 onto D. The inverse 2 of the mapping in (10) isa 
complex velocity potential of a flow of an ideal fluid in D, but we cannot solve 


for w to obtain an explicit formula for Q. In order to describe the streamlines, 
we recall that the streamlines in D are the images of horizontal lines v = cg 

Figure 7.58 Flow for Example 6 in the upper half-plane v > 0 under the mapping z = w + Ln(w) + 1. Since 
a horizontal line can be described by w(t) = t + ic2, —co < t < on, it follows 
that the streamlines in D are given parametrically by 


z(t) = Q7*(w(t)) = w(t) + Lafw(t)] + 1 = t + ica + Luft + te] + 1, 


or (t) =t+ $ log, (t? +c) +1, y(t) = cot Arg(t+icz), —0o < t < co. Some 


streamlines for this flow have been plotted using Mathematica in Figure 7.58. 


A stream function (a, y) is harmonic, but unlike a solution of a Dirichlet 
problem, w(x, y) need not be bounded in D nor satisfy a fixed boundary 
condition. Therefore, there can be many different stream functions for a 
given domain D. We illustrate this in the following example. 


| EXAMPLE 7 Streamlines Defined Parametrically 
The one-to-one conformal mapping 
z=O7\(w)=wtertil 


also maps the upper half-plane v > 0 onto the domain D shown in Figure 
7.58. The streamlines for this flow are parametrized by 


2(t) =t+icg+ et? +1, 


eee 

rr 

——— or a(t) = t+e'cose. + 1, y(t) = co + e’sincg, —co < t < oo. From the 
SS 

ee 


Mathematica-generated plot of the streamlines in Figure 7.59, we observe 


* that this flow is different from the one constructed in Example 6. 


Figure 7.59 Flow for Example 7 


ORaMNeMesMsee Recall from Section 5.6 that if F is the velocity 
field of a planar fluid flow, then a source is a point zg at which fluid is 
produced and a sink is a point zo at which fluid disappears. If C' is a simple 
closed contour, then a nonzero value of the net flux across C, that is, a nonzero 
value of the integral $c F - Nds, indicates the presence of either a source or 
a sink inside of C. We saw in Section 5.6 that if F is the velocity field of the 
flow of an incompressible fluid in a domain D, then there are no sources or 
sinks in D. Incompressibility does not, however, rule out the existence of a 


Figure 7.60 Source and sink 


7.5 Applications 441 


source or sink on the boundary of D. Sources and sinks on the boundary of D 
are used to model planar flows in which fluid is entering or leaving D through 
a small slit in the boundary. 

In Problem 23 in Exercises 5.6 we found that a source at a point z = 71 
on the boundary y = 0 of the upper half-plane y > 0 can be described by the 
complex velocity potential 


Q(z) = kLn (z — 21), (11) 


where k is a positive constant. Similarly, z = x, is a sink when k is a neg- 
ative constant. The strength of the source or sink is proportional to |k|. A 
flow containing both sources and sinks can be described by adding together 
functions of the form (11). For example, 


ztl1 


A 


Q(z) = Ln(z + 1) — Ln(z — 1) = Ln 


(12) 


is a complex velocity potential for the flow of an ideal fluid in the upper half- 
plane y > 0 that has a source at x; = —1 and a sink at rg = 1 of equal 
strength. See Figure 7.60. You should also compare (12) with Problem 24 in 
Exercises 5.6. 

Our method of determining the stream function in a domain with sources 
or sinks on the boundary is similar to that used in the absence of sources 
and sinks. Let w(u, v) be the stream function of a flow of an ideal fluid 
in a domain D’ in the w-plane with sources or sinks on the boundary. If 
f(z) = u(a, y)+iv(a, y) is aconformal mapping of a domain D in the z-plane 
onto the domain D’, then ~(#, y) = v(u(a, y), v(@, y)) is a stream function 
for a flow of an ideal fluid in D with sources and sinks on the boundary. We 
illustrate this method in our final example. 


EXAMPLE 8 Flow with a Source and Sink of Equal Strength 


Construct a flow of an ideal fluid in the domain D given by 0 < arg(z) < 1/4 
with a source at the boundary point x; = 1 and sink of equal strength at the 
boundary point r2 = 3. 


Solution From entry E-4 in Appendix III with a = 4, we have that f(z) = z* 


is a one-to-one conformal mapping of D onto the upper half-plane v > 0. 
Under this mapping, the image of 2; = 1 is u; = 14 = 1 and the image of 
rg = 3 is ug = 34 = 81. With the obvious modifications to (12), we obtain 
the complex velocity potential 


Ln(w — 1) — Ln(w — 81), (13) 


which describes the flow of an ideal fluid in the upper half-plane v > 0 that 
has a source at u; = 1 and a sink of equal strength at ug = 81. Since the 
domain D is mapped on the domain v > 0 by the conformal mapping w = z4 


rl 
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we obtain a complex potential function for a flow in D by replacing the symbol 


Pi w with z4 in (13). This yields 
= 4 = 4 
all O(z) = Ln (2* — 1) — Ln (z* - 81). (14) 
Streamlines of this flow are given by w(x, y) = cg, or 
2b 


Arg (24 - 1) — Arg (e — 81) = C2. 


: See Figure 7.61. 


x 
1 2 3 4 


Figure 7.61 Figure for Example 8 
Remarks 


The complex mapping w = J(z) = z+ k?/z is called the Joukowski 
transformation. Under this mapping, a circle in the z-plane that con- 


tains the point z; = —1 and passes through the point z2 = 1 is mapped 
prea) Rrra onto a curve in the w-plane that resembles the cross-section of an airplane 
a eee wing. See Figure 7.62(c). The image curve is called a Joukowski airfoil, 
. and the air flow around this curve can be determined using techniques 
( } , from this section. We begin with the flow shown in Figure 7.62(a) given 
en ae aoe by Q(z) = z+ 1/z around the unit circle |z| = 1. Using an appropriate 
et eas pce SN linear mapping, we can adjust this flow to be one around a circle contain- 
ing the point z; = —1 and passing through the point z2 = 1. See Figure 
(a) Flow around the unit circle 7.62(b). The Joukowski transformation is then used to “transform” this 
y flow to one around the airfoil as shown in Figure 7.62(c). 
ee ae 
en a eee 
x 
Answers to selected odd-numbered problems begin on page ANS-23. 
——_ er 
ee all 7.5.1 Boundary-Value Problems 
es al 


(b) Flow around a circle containing 
z, =—1 and passing through z, = 1 
y the upper half-plane, and (b) use the mapping from (a) and the solution (7) in 


In Problems 1-6, (a) find a conformal mapping of the domain shown in color onto 


Section 7.4 to find the steady-state temperature ¢(z, y) in the domain subject to 
the given boundary conditions. 


1. 2. y 
SS ; 
(c) Flow around an airfoil Vo =0 
Figure 7.62 Flow around a Joukowski F 
airfoil o=0 o=2 
x 
g=1 -1 1 o=- 


Figure 7.63 Figure for Problem 1 Figure 7.64 Figure for Problem 2 
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Figure 7.65 Figure for Problem 3 Figure 7.66 Figure for Problem 4 


2 =3]| @=0 2 : @=10 o=0 


Figure 7.67 Figure for Problem 5 Figure 7.68 Figure for Problem 6 [Hint: Use 
the inverse of the mapping in entry M-4 of 
Appendix III] 


In Problems 7 and 8, (a) find a linear fractional transformation of the domain shown 
in color onto an infinite strip, and (b) use the mapping from (a) and the solution 
from Example 2 of Section 3.4 to find the electrostatic potential ¢(a, y) in the 
domain subject to the given boundary conditions. 


7. y 8. y 


2, 
V6=0 V9 =0 


o=10 


Figure 7.69 Figure for Problem 7 Figure 7.70 Figure for Problem 8 
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In Problems 9 and 10, (a) find a linear fractional transformation of the domain 
shown in color onto an annulus, and (b) use the mapping from (a) and a solution 
similar to that in Example 1 to find the electrostatic potential ¢(a, y) in the domain 
subject to the given boundary conditions. 


9. y 10. y 


Vo=0 V=0 
=0 = 10 o=1 


Figure 7.71 Figure for Problem 9 Figure 7.72 Figure for Problem 10 


In Problems 11 and 12, (a) find a conformal mapping of the domain shown in color 
onto the domain used in Example 3, and (b) use the mapping from (a) and a solution 
similar to that in Example 3 to find the steady-state temperature ¢(z, y) in the 
domain subject to the given boundary conditions. 


11. y 12. 
y 
dp_ 
mo! 4 o=5 
———E————EE— 
V6 =0 
V=0 
$=0 1 d6_9| 4-91 O=10~ sf x 
=0 -1 de-9) d2-9 at 0 g=-10 

Figure 7.73 Figure for Problem 11 Figure 7.74 Figure for Problem 12 


7.5.2 Fluid Flow 


In Problems 13-16, find the complex velocity potential Q(z) for the flow of an ideal 
fluid in the domain shown in color. 
13. y 14. y 


1/4 


Figure 7.75 Figure for Problem 13 Figure 7.76 Figure for Problem 14 
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15. y 16. y 
ni 
i 
x x 
0 1 
Figure 7.77 Figure for Problem 15 Figure 7.78 Figure for Problem 16 


In Problems 17-20, the flow of an ideal fluid is shown in a domain in the z-plane. 
(a) Find a conformal mapping of the upper half-plane w > 0 onto the domain in 
the z-plane, and (b) find a parametric representation of the streamlines of the flow. 


17. yan y 18. y 
y=n/2 
x x 
Figure 7.79 Figure for Problem 17 Figure 7.80 Figure for Problem 18 
19. y 20. y 
i 
i 
= S x x 
Figure 7.81 Figure for Problem 19 Figure 7.82 Figure for Problem 20 


In Problems 21 and 22, construct the flow of an ideal fluid in the given domain with 
sinks or sources on the boundary of the domain. 
y 21. The domain from Problem 13 with a source at z} = 1+7% anda sink at zo = 2 


22. The domain from Problem 16 with a source at z1 = 4/2 + aV/2i and sinks at 
zg = 2 and z3 = 32 


Focus on Concepts 


x 
adb_g a 4_9b 
dn 


23. Show that the function given by (3) with the symbols u and v replaced by the 
symbols x and y is a solution of the boundary-value problem in the domain 


Figure 7.83 Figure for Problem 23 shown in color in Figure 7.83. 
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24. 


25. 


26. 


27. 


Use a conformal mapping and Problem 23 to solve the boundary-value problem 
in the domain shown in color in Figure 7.84. 


Use a conformal mapping and Problem 23 to solve the boundary-value problem 
in the domain shown in color in Figure 7.85. 


y. 
y 
Vo =0 
¢=10 
$= 30 
1 a 
. a Ys 
Ab_9 
nN 
Figure 7.84 Figure for Problem 24 Figure 7.85 Figure for Problem 25 


In Problem 22 in Exercises 5.6 we defined a stagnation point of a flow to be 
a point at which F(x, y) = 0. Find the stagnation points for: 


(a) the flow in Example 5 
(b) the flow in Problem 16. 


In this problem you will construct the flow of an ideal fluid through a slit shown 
in Figure 7.87. 


(a) Determine a velocity potential for the flow of an ideal fluid in the domain 
—n/2<a< 1/2, —co < y < oo, shown in Figure 7.86. 


(b) Use the potential from part (a) and a conformal mapping to find the 
velocity potential for the flow of an ideal fluid in the region shown in 
Figure 7.87. 


y y 


Figure 7.86 Figure for Problem 27 Figure 7.87 Figure for Problem 27 
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28. 


In this problem you will construct the flow of an ideal fluid around a plate 
shown Figure 7.89. 


(a) Use a linear mapping and the velocity potential from Example 5 to show 
that the velocity potential of an ideal fluid in the domain shown in Figure 
7.88 is given by 


z e’™ 


ei Zz 


(b) The domain outside of the unit circle shown in Figure 7.88 is mapped onto 
the complex plane excluding the line segment y = 0, -2 < x < 2, shown in 
Figure 7.89 by the conformal mapping 


zt (2 — ay? 
—=— 


ite 


Use the velocity potential from part (a) and this conformal mapping to 
find the velocity potential for the flow of an ideal fluid in the region shown 
in Figure 7.89. 


Figure 7.88 Figure for Problem 28 Figure 7.89 Figure for Problem 28 


Computer Lab Assignments 


In Problems 29-36, use a CAS to plot the isotherms for the given steady-state 


temperature (ax, y). 


29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 


d(x, y) is the steady-state temperature from Problem 1. 
x, y) is the steady-state temperature from Problem 2. 


x, y) is the steady-state temperature from Problem 3. 


x, y) is the steady-state temperature from Problem 5. 
x, y) is the steady-state temperature from Problem 6. 


xz, y) is the steady-state temperature from Problem 11. 


( 
( 
( 
( 
( 
( 
( 
( 


) 
) 
) 
x, y) is the steady-state temperature from Problem 4. 
) 
) 
) 
) 


x, y) is the steady-state temperature from Problem 12. 
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In Problems 37-40, use a CAS to plot the equipotential curves for the given elec- 
trostatic potential ¢(x, y). 


37. 
38. 
39. 
40. 


¢(a, y) is the electrostatic potential from Problem 7. 


(x, y) is the electrostatic potential from Problem 8. 
d(x, y) is the electrostatic potential from Problem 9. 
d(x, y) is the electrostatic potential from Problem 10. 


In Problems 41-44, use a CAS to plot the streamlines of the given flow. 


Al. 
42. 
43. 
44. 


The flow from Problem 13. 
The flow from Problem 14. 
The flow from Problem 15. 
The flow from Problem 16. 


CHAPTER 7 REVIEW QUIZ Answers to selected odd-numbered problems begin 
on page ANS-23. 


In Problems 1-15, answer true or false. If the statement is false, justify your answer 


by either explaining why it is false or giving a counterexample; if the statement is 


true, justify your answer by either proving the statement or citing an appropriate 
result in this chapter. 


1. 


OO ae oe 


10. 


Pl 


12. 


If f(z) is analytic at a point zo, then the mapping w = f(z) is conformal at zo. 


The mapping w = z? + iz +1 is not conformal at z = —5i. 


The mapping w = z? + 1 is not conformal at z = +. 


The mapping w = Z fails to be conformal at every point in the complex plane. 

A linear fractional transformation is conformal at every point in its domain. 

The image of a circle under a linear fractional transformation is a circle. 

The linear fractional transformation T(z) = ar maps the points 0, —1, and 
Zz 

i onto the points —i, oo, and 0, respectively. 


Given any three distinct points 21, z2, and 23, there is a linear fractional trans- 
formation that maps 21, z2, and z3 onto 0, 1, and co. 


The inverse of the linear fractional transformation T(z) = (az + b)/ (cz + d) is 
T~*(z) =(cez4+d)/ (az +0). 
If f’(z) = A(z +1)71/2(z — 1)734, then w = f(z) maps the upper half-plane 


onto an unbounded polygonal region. 


If f’(z) = A(z +. 1)71/2271/?(z — 1)71/?, then w = f(z) maps the upper half- 
plane onto a rectangle. 


Every Dirichlet problem in the upper half-plane can be solved using the Poisson 
integral formula. 
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13. If w = f(z) = u(a2, y) +iv(2, y) is a conformal mapping of a domain D onto 
the upper half-plane v > 0 and if ®(u, v) is a harmonic function for v > 0, 
then ¢(x, y) = ®(u(a, y), v(x, y)) is harmonic on D. 


14. If w(a, y) is a function defined on a domain D and if the boundary of D is 
a level curve of w(x, y), then w(x, y) is the stream function of an ideal fluid 
in D. 


15. Given a domain D, there can be more than one flow of an ideal fluid that 
remains inside of D. 


In Problems 16-30, try to fill in the blanks without referring back to the text. 


16. The analytic function f(z) = cosh z is conformal except at z = 


17. Conformal mappings preserve both the magnitude and the _______ of an 
angle. 
18. The mapping —_______ is an example of a mapping that is conformal at every 


point in the complex plane. 


19. If f’(zo) = f" (zo) =0 and f’" (zo) #0, then the mapping w = f(z) 
the magnitude of angles at the point Zo. 


20. T(z) = ——W isa linear fractional transformation that maps the points 0, 
1 +i, and i onto the points 1, 7, and co. 


21. The image of the circle |z — 1] = 2 under the linear fractional transformation 


T(z) = (22 —7)/(tz +1) isa 


22. The image of a line ZL under the linear fractional transformation 
T(z) = (iz — 2)/(3z+1-i) is a circle if and only if the point z = 
is on L. 


23. The cross-ratio of the points z, z1, 22, and z3 is and 


24. The derivative of a Schwarz-Christoffel mapping from the upper half-plane onto 
the triangle with vertices at 0, 1, and 1+7 is f’(z) = 


25. If f'(z) = A(z +1)71/2z7/4, then w = f(z) maps the upper half-plane onto a 
polygonal region with interior angles 


26. The Poisson integral formula gives an integral solution ¢(2,y) to a Dirichlet 
problem in the upper half-plane y > 0 provided the function f(a) = (a, 0) is 
and on —o0 <@< Ow. 


27. The complex velocity potential Q(z) = z° describes the flow of an ideal fluid 
in the domain 0 < argz < 


28. If Q(z) = e* +e * is the complex velocity potential for the flow of an ideal 
fluid in a domain D, then a complex representation of the velocity field is given 


by f(z) =—___. 


2 
1 
29. Ifz= (4) is a one-to-one conformal mapping of the upper half-plane onto 


a domain D, then a streamline of the flow of an ideal fluid in D is parametrized 


by z(t) = 
30. The complex velocity potential Q(z) = Ln(z—2)+ Ln(z—3)— Ln(z—4) describes 
the flow of an ideal fluid in the upper half-plane y > 0 with a ____ at z = 2 


and z=3 anda ___—s at z = 44. 
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Appendix Il Proof of the Cauchy-Goursat Theorem 


The proof of the final part of the Cauchy-Goursat theorem demonstrates 
that any closed contour C' can be approximated to any desired degree of 
accuracy by a closed polygonal path. 


Theorem A.4. Any Simple Closed Contour 


If C is a simple closed contour lying entirely within D, then 


$0 F(z) dz = 0. 


In Figure AII.5 we have shown a simple closed contour C' and n points 
21, 22; --.,; 2%, on C' through which a polygonal curve P has been con- 
structed. Then it can be shown that the difference between the integral along 
C, $. f(z) dz, and the integral along the polygonal contour P, $, f(z) dz, 
can be made arbitrarily small as n — oo. As a consequence of Theorem A.3, 
$p f(z) dz =0 for any n, and thus the integral along C must also be zero. 


2n-1 


Figure AII.5 Simple closed contour C approximated by a closed polygonal curve P 
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Putting (5) together with (10) gives us a bound for the modulus of the integral 


on A: 
f f(z) dz 


The result in (11) completes the proof. Since « > 0 can be made arbitrarily 


small, we must have if f(z) a, = 0 and so ¢ f(z)dz =0. 
A A 


< ie =eL?, (11) 


Bw 


Theorem A.3. Closed Polygonal Contour 


If C is a closed polygonal contour lying entirely within D, then 
lo f(z)dz=0. 


The proof of this theorem depends on Theorem A.2 and on the fact that 
any closed polygonal contour C, such as the one in Figure AII.3, can be “trian- 
gulated.” Roughly, this means that the closed polygon C' can be decomposed 
into a finite number of triangles by adding lines as shown in Figure AII.4. We 


Figure AlIl.3 Closed polygonal Figure All.4 Triangulation of the 
contour C’ within D polygonal contour C’ 


can then proceed as in the proof of Theorem A.2 and integrate twice along 
these added line segments but in opposite directions. If the closed polygon C 
has n sides, then it can be decomposed into n triangles C1, Co, ..., Cn and 
we would eventually arrive at the following analogue of (1): 


fieade=$ fejdet § sede vee +9 fede (12) 


By Theorem A.2, each of the integrals of right side of (12) is zero and we are 
left with the desired conclusion that ¢,, f(z) dz = 0. 

In passing it should be noted that the closed polygonal contour C' in 
Theorem A.3 need not be simple as shown in Figure AII.3; in other words, C 
can intersect itself. 
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Ag, .... Let zp denote that point. Since the function f is analytic at z = 20, 
f' (zo) exists. If we define 


F(z) = P(20) 


zZ— 20 


n(z) = — f'(20)s (6) 
then |7(z)| can be made arbitrarily small whenever z is sufficiently close to 
zg. This fact—which will be used shortly—follows from the hypothesis that 


f is analytic in D and so the limit of the difference quotient f(z) = Fl2o) as 
z— 20 

Zz — 2 exists and equals f’(zo). In the e-6 symbolism of Definition 2.8, for 

every € > 0, there exists a 6 > 0 such that 


|n(z)| <<e whenever |z— zo| <0. (7) 


At this juncture we wish to solve (6) for f(z) and use it to replace the 
integrand in the contour integral $, f(z) dz that appears in (5). The two 
results are: 


F(z) = f(20) + (2 — 20) f(z) + (z — 20) n(z) 


and 
¢ flz)dz = (20) dz+ f'(zo) g (z- code f (z— 20)n(z)dz. (8) 
An Ay An An 
In (8) we were able write f(zo) and f’(zo) outside of the integrals since these 
quantities are constants. Moreover in (8), $, dz =Oand $, (z—20)dz = 0. 
The last two results are true for any simple closed contour (such as A,,) 
and can be proved either directly from Definition 5.3 (see Problem 29 in 
Exercises 5.2), or from Cauchy’s theorem. (That last statement may surprise 
the reader; no, we are not using what we are trying to prove—remember, the 
constant function 1 and the polynomial function z— zp are analytic in D and 
do have continuous derivatives.) Hence the right side of (8) reduces to single 
term: 


é f(2) d= $ (2 so)n(2) de (9) 


Now let L and L; denote the lengths of the triangular contours A and 
Aj, respectively. Then, keeping in mind how the triangle A; was constructed, 
it is a straightforward problem in similar triangles to show that L, is related 


1 
to L by Li = $L. Likewise, if L2 is the length of Ao, then Lz = $L1 = wl: 


In general, if L, is the length of A,, then L, = sul. 

We are almost finished. Now for any point z on A, |z — zo| < Ln, where 
Ly, = = If we choose n large enough so that |z — zo| < nl <6, it then 
follows from (9), (7), and the MZ-inequality 


f fe dz 


L 
rapa 
= in 


a) 
| 
II 
| 
th 
tO 
=~ 
ah 
Ss 
2 


(=~ so)n{2) a 
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segments as shown in Figure AII.2. By Theorem 5.2(#7) we can write 


ae rae 
ge 
pe es 
gr erase ae 


op fede=$ se ara gp fe det f £2) dz + Le (1) 


Then by (6) of Section 1.2, the triangle inequality, 


Integrals fing, for Sng are SZ 
canceled by asa Jere i 


z)dz| < (2) 


f(z) dz) + 
C1 


f(2) de| + 
C2 


F(z) dz| + 
Cz 


f(z) dz 
C4 


The four quantities on the right side of (2) are nonnegative real numbers and, 
as a consequence, one of them must be greater than or equal to the other 
three. Let us denote the triangular contour of the integral with the largest 
modulus by the symbol A,. Hence (2) gives 


if F(z) dz 


We repeat the foregoing process for the triangle Aj; that is, we form four 
triangles within A, by joining the midpoints of its sides by line segments in 
the fashion shown in Figure AII.2 and proceed to the equivalent of (1) and 


(3) 


<4 | f(z) dz 
Ai 


the inequality (2), where the left side of the inequality is now | § a, J (2) dz|, 


The integral of f along one of these new triangular contours, let us call it Ao, 
then satisfies 


f(z) dz (4) 


<4| f(z) dz}. 
Ao 


if, 


We combine this last inequality with (3) to obtain 


<4 


z) dz 


<4 


f(z) dz 


Ai 


f(z) dz 


A2 


Continuing in this manner, we obtain a sequence of “nested” triangular 
contours A, Aj, Ag, ..., that is, each triangle in the sequence is contained 
in the one immediately preceding it. After n steps we arrive at 


f f(2)dz 


Consistent with intuition, it can be proved that there exists a point in 
the domain D that is common to every triangle in the sequence A, Aj, 


z)dz| <4” 


(5) 
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Appendix II Proof of the Cauchy-Goursat Theorem 


In Section 5.3 we proved Cauchy’s theorem using Green’s theorem. This sim- 
ple proof was possible because of the hypothesis of continuity of f’ throughout 
a simply connected domain D. The French mathematician Edouard Goursat 
(1858-1936) published a proof of Cauchy’s theorem in 1900 without this con- 
tinuity assumption. As a result his name was thereafter linked with Cauchy’s 
in the title of one of the most fundamental of all theorems in complex analysis. 

In this appendix we discuss how the full proof of the Cauchy-Goursat 
theorem is accomplished. To avoid needless repetition throughout the fol- 
lowing discussion we will take for granted that we are working in a simply 
connected domain D and that f represents a complex function analytic in D. 

The proof of the Cauchy-Goursat theorem is accomplished in three steps. 
The first two steps are helping theorems—sometimes called lemmas—which 
are actually special cases of the Cauchy-Goursat theorem. The first of these 
helping theorems deals with integrals along a triangular contour and the sec- 
ond deals with integrals along a closed polygonal contour. The first theorem is 
used in the proof of the second, and the second theorem is utilized to establish 
the Cauchy-Goursat theorem in its full generality. 

We will prove the first theorem, but because of its length, we will simply 
sketch the proofs of the remaining two. 


Theorem A.2. Triangular Contour 


If A is a triangular contour lying entirely within D, then [, f(z) dz =0. 


Proof Let A be the triangular contour shown in Figure AII.1; the vertices 
of A are labeled A, B, and C. We form four smaller triangles C,, C2, C3, 
and C4 by joining the midpoints F, F’, and G of the sides of A by straight line 


aN 


J \ 


B —> ——> Cc 


Figure All.1 Triangular contour Figure All.2 Triangular contours 
A within D C1, C2, C3, and C4 
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In particular, if | f(z) — L| < e, then |u(x, y) — uo| < e. Now by making the 
identifications z = x +ity and z = % + iyo we also find that 


lz — 20] = of (@ — 20)? + (y — yo)? (5) 


Therefore, it follows from (3), (4), and (5) that for every « > 0 there exists a 
6 > O such that |u(x, y) — uo| < € whenever 0 < \/(x — 20)? + (y — yo)? < 6. 


Thus, by (7) in Section 2.6 we have shown that = one y) = Uo. 
©,Y)—(®0,Yo 
Because 0 < (u(x, y) — uo)”, we can use a similar argument to establish 
the second limit in (2): lim  _v(z, y) = vo. This completes the proof 


(x,y) (20,40) 
that (1) implies (2). 


(ii) In this part we begin by assuming the limits 


lim u(x,y) =u and lim v(z,y) =v 
ee ae OT ae 


and then proceed to show that lim f(z) = L. Given any ¢ > 0, then ¢/2 > 0. 
Zz Zo 


Therefore, from our assumption that ae Me y) = uo and (7) of 
Z,Y)—\£0,Yo 
Section 2.6, we have that there is a 6; > 0 such that 


|u(x,y) — uo] <€/2 whenever 0 < \/(x— 20)? + (y— yo)? < 61. 


In a similar manner, since lim —_v(a, y) = vo, there also exists a 62 > 0 
(2,y)—>(20,4o) 
such that 


|v(a, y) — vo] < €/2 whenever 0 < ./(a— 29)? + (y— yo)? < be. 


If we set 6 to be the minimum of 6; and dg, that is 6 < 6; and 6 < 42, then we 
are guaranteed that |u(a, y) — uo| < ¢/2 and |v(#, y) — vo| < ¢/2 whenever 
0 < /(x — 20)? + (y — yo)? < 6. Thus, from (5) we obtain 


ju(x, y) — uo] + |v(x, y) — vo] < €/2+e/2=e whenever 0< |z—z|<6. (6) 


On the other hand, with the identifications f(z) = u(a, y) + tu(x, y) and 
L=uwuo + ivo, the triangle inequality gives 


|f(z) — L| < |u(a, y) — wol + lo(, y) — vol. 


Therefore, it follows from (6) that | f(z) — L| < « whenever 0 < |z— zo| < 0. 

Since € was allowed to be any positive number, we have shown that for every 

€ > 0 there exists a 6 > 0 such that | f(z) — L| < ¢ whenever 0 < |z — 29] < 6, 

and so lim f(z) = L by Definition 2.8. y 
220 


APP-2 


Appendix | Proof of Theorem 2.1 


Appendix I Proof of Theorem 2.1 


The following theorem was presented in Section 2.6 as a practical method 
for computing complex limits. In this appendix we give the full epsilon-delta 
proof of this theorem. 


Theorem A.1_ Real and Imaginary Parts of a Limit 


Suppose that f(z) = u(x, y) + iv(a, y), 2 = %o + iyo, and L = up + tivo. 
Then lim f(z) = L if and only if 
ZZ 


lim u(xz,y) =Uuo and lim u(z, y) = vo. 
(x,y) (x0,Yo) (x,y)—(0,Yyo) 


Proof Theorem A.1 states that 


lim f(z) =L (1) 


ZZ 
if and only if 


u(x, y) = Uo and v(x, Yy) = Vo. (2) 


lim lim 
(x,y) (#0,Yo) (x,y) (#0 ,Yo) 


Because Theorem A.1 involves an “if and only if” statement, we must prove 
two things: 


(z) that (1) implies (2), and 
(ii) that (2) implies (1). 


We begin with the former. 


(i) If we assume that lim f(z) = L, then by Definition 2.8 of Section 2.6 we 
Z—7Zo 


have: 


For every € > 0 there exists a 6 > 0 such that | f(z) — L| < € when- 
ever 0 < |z — zo| < 0. (3) 


Using the identifications f(z) = u(x, y)+iv(a, y) and L = uo+ivo we obtain: 


If(2) — L| = (ule, y) — wo)? + (v(@, 9) — v0)? 


Furthermore, since 0 < (v(z,y) — vo)”, it follows that: 


ju(z,y) — ol = yf (ule,y) — wo)? < y(ul2,y) — uo)? + (o(a,¥) — v0)”. 


Thus, for all z = x + iy we have: 


|u(x,y) — uol < | f(z) — LI. (4) 


Appendix Ill Table of Conformal Mappings APP-9 


Appendix III Table of Conformal Mappings 


4 Elementary Mappings 


E-1 
y Uv 
e 
Zz 
w=Zzt+ Zo o 
So : . 
E-2 
co 
y 
|_| om 
6 
x u 
E-3 
y v 
— x w=az,a>0 FA} u 
E-4 
y v 
ic , 
Cc 85 
w=z%a>0 
Bl A » B) A 
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Appendix III Table of Conformal Mappings 


y v 
B Ti A 
w=e? 
z=Lnw 
i 
Cc D 
E-6 
¥ v 
B E 
w =sinz B PAGS E’ 
Bs ——__.—__—. 
#4 ca zesintw “CO N14 F’ e 
2 2 
C F 
E-7 
y v 
Cc’ 
w= u 
lA x Z A’ 
B’ 
E-8 
y v 
ni 
Cc 
w =log,|z| +iArgz 
F a>1 
x — u 
DE b log, 4 loge b 


Appendix Ill Table of Conformal Mappings APP-15 


M-5 
y 
-1 
$j —_———__——_ 
A B C|D E 
w=26+Ln(z4) 
G=(z4+1)1/2 
M-6 
y 
-1 il 
————SE— x 
A B CID E F 
= 1+ iC +E 
w= iLn iat) *49(i=2) 
={2z-1\1/2 
$ al 
M-7 
y v 
AY Bo. 
yal 
= 1 Cc’ 
—_$—_ | _ —_—_ + a 
A Bo CDE F D’ EF 
w=z+Lnz+1 
M-8 
y v 
= 
y A FE’ 
FIG H’ 
x o , u 
ez+1 CIB Al 
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Appendix IIl_ Table of Conformal Mappings 


i Miscellaneous Mappings 


M-1 
y 
A B y=n C 
x 
w=zte+1 
D E y= F 
M-2 
M-3 
M-4 


-1 1 
SSS x 
A B Cc D E 


w = a(z2-1)1/2 


v 


A’ ||. 
Ti 
Cc 
u 
ie? , 
Ti 
Ds je 


v 


ai 


u 


Appendix Ill Table of Conformal Mappings APP-13 


C-2 
y 0 
Br 
_ z-a 
O= Zz 
x u 
a) 
gal tbe+V-b*) A -c?) ; _ 1-be + V(1-b) (1-2) 
c+b 0 c—b 
C-3 
y v 
A 
E 
x 1 u 
Cc B AIC’ D 
C-4 
y 5 
C 
D’ 1 
| u 
a 
i-z 
wes 
1+Z 
-1 1 
ff re B’ 
A B Cc D | 
C-5 
y v 
At 


APP-12 Appendix Ill Table of Conformal Mappings 


H-4 
A-5 
v 
y 
B 
14+2z)\2 
w=(>—) 
1-z -1 1 
- | vo x u 
D 1 A Bo oC Op 
H-6 
y Uv 
‘S 
B D go er 
wz — ewe =I 1 
x SS 
A E A’ BC’D’ E’ 


a Mappings to Circular Regions 


C-1 


gx eee ve -DE=-1) oben VP -De- 


b+c c-b 


Appendix III Table of Conformal Mappings 


w =coshz 1 1 
x SS SS u 
D’ c’ | B A’ 
al Mappings of Half-Planes 
H-1 
y 0 
B 
W=t1 7 
c A 142 
x 
1 
={l 1 
$+} 1 
D DA} B’ 
H-2 
y Vv 
G ai|B A 
width =a w = emia 
=il 1 
—_—_— ar a hie ape 
D E F A BC)D Ep F 
H-3 
y v 
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APP-16 


Appendix III Table of Conformal Mappings 


M-9 
y v 
iG al F’ 
mi/2 2 
D’ Cc 
-1 1 
——$_}—_ +} + 7 7 
A B CDE EG a B 
w= mi-5[Ln(z +1)+Ln@-1] 
M-10 
y v 
A 
v=a/(1-a) 
D’ EF 
B 1” 
oi A’ B c 
C w=(1-i) os 


O0<a<l 


Answers to 
Selected 
Odd-Numbered 
Problems 


ANS-8 Answers to Selected Odd-Numbered Problems 


17. (a) y (b) w(t) =2—i+ 2c” 


= | 3 4 


2 


3b 


Circle centered at 1 with radius 2 


(c) v 


19. 
1.5} 
2b 
Unit circle 
21. the negative imaginary axis 23. the circle |w| = 4 


25. the line segment from —2 to 2 on the real axis 


Answers to Selected Odd-Numbered Problems 


ANS-7 


Chapter 2 

Exercises 2.1, page 56 

1. (a) 6% (b) 2 (c) 39 — 28% 

3. (a) 0 (b) log, 4+ 47% (c) dlog,2+ 47% 
5. (a) 3i (b) —12 + 13: (c) -244 41 

7. (a) 3+i (b) 2 (c) V5 + #i 

9. uw=6r-—5;v=6y4+9 
11. u=a2? — 22 — 3ry? + 6; v = 3Ba?y — 2y—y? 

2 2 
— 2 
iow cs is a 
(©+1)?+y (c©+1)?+y 

15. u=e?* cos(2y + 1); v = ec?” sin(2y + 1) 
17. w=rcosé; v= -—rsind 
19. w=r*cos46; v = r* sin 40 
21. u=e"* cos (rsin 6); v = e” °° sin (r sin 6) 
23. C 25. all z such that z 41 


Exercises 2.2, page 65 


1. the horizontal line v = —3 
5. the line v =4—u 
9. the parabola u = tv" -—1 


. the ray u=0,0<vu<co 


15. (a) 
5 
6 
3 
2 
1 
tL 2 8 2 5, 6° 

Line segment from 2 to 7 

(c) 6? 


PFPNWRDAD 


12 34 «5 6 


Line segment from 6 to 3% 


3. the half-plane Im(w) > 6 
7. the half-plane Re(w) > 3 


11. the ray —co <u<0,v=0 


(b) w(t) = 6(1 —t) + 3it 


ANS-6 Answers to Selected Odd-Numbered Problems 


Exercises 1.6, page 42 


Ceci ce toe) ae) | ale Cae 
DB gD a acai 
a a oe ee ee eee 
VE v2. V6 v2. VE, v2\(_,,_ ve_ v2. 
De 1 5 5% Leg ts ti z+1it+ tt z+l1 5 ie 
7. 10e” 9. 4/2e27% 
11. 10e%"* (C4) 13. y.: =e?” cos3a, y2 = e** sin 3x 


1 V3 a 


ile 3 
15. y1 =e 2” cos “gt yo =e 2 sin -# 


17. g(t) = Z sin 5t, ip(t) = 2 sin dt, Z = 3, Z. = 3+ 0) 


Chapter 1 Review Quiz, page 45 


1. false 3. true 
5. false 7. true 
9. true 11. false 
13. true 15. false 
17. true 19. false 
21. true 23. 2,-% 


25. a nonnegative real number 


27. —37/4 

29. oF, 8, —8, 16 31. fourth 

33. Z2 35. 2=-3-i 
37. 1 39. first 


41. the set of all points z above the line y = x 
43. real axis 45. n= 24 
47. cos 40 = cos* @ — 6 cos? @ sin? 6 + sin* 0, 

sin 40 = 4cos? @ sin @ — 4cos@ sin? 0 


49. The equation cannot have three complex roots since complex roots must 
appear in conjugate pairs. 


Answers to Selected Odd-Numbered Problems 


17. P 19. y 
1 I ip 4 
ab i ab , 
” “ 
\ ! ‘ y 
2r » 7 4 
I 1 “yy y 
1 I ma 7 
l Ll l f if x 1 1 bs, ofl 1 1 x 
-4 2 2 ia 4A 2 wis 2 4 
1 | ¢ 
A ‘S 
“i Ana. 
1 | 7 N 
I 1 y L x 
(a) yes (b) no (c) yes (a) yes (b) no (c) no 
(d) no (e) yes (d) no (e) no 
21. i 23. y 
or 3 emia 
, N 
ery / [ D 
, 4 I \ 
iT IF 1 { 1 | 
\ 4 \ I 
y 7 / 
! l _ i =, 1 ! rh. l Ay 
3 2 -1 1 2 3 3 2 -19 il yay 3 
ib -j ae 
=3)5 2 
3h 3+ 
(a) yes (b) no (c) yes (a) no (b) no (c) no 
(d) no (e) yes (d) yes (e) yes 


25. For Problem 13: the line « = —1; 

For Problem 15: the line y = 3; 

For Problem 17: the lines x = 3 and x = 5; 

For Problem 19: the lines y = x and y = —2; 

For Problem 21: the circle |z — i| = 1; 

For Problem 23: the circles |z — 1— | =1 and |z—1-—i| =2 
27. y 


29. jarg(z)| < 27/3 31. 2=1+4 V3i or z=1- V3i 


ANS-5 


ANS-4 Answers to Selected Odd-Numbered Problems 


Exercises 1.5, page 33 


L 1 
Ss 2 =] 1 2 3 


-64 


Circle centered at —3i of radius 2 


5 i 7. y 
6F 4AL 
4b 
vi i 
yaa 
Cae oe = ae a a 
=) pk 
—4b 
—-6F —4- 
Verticle line x = 5 Horizontal line y = —3 
9 y 11 y 
ar 
t 3r 
‘l i 
b 2 L 
Sa I a i 
-l E 1 1 1 1 "a 
[ 42 2 “ 
-2F -1f 
3 2b 
——— 3h 
Horizontal lines y = 2, y = —4 Hyperbola x? — y? =1 
13. y 15. y 
1 
| 4p 4} 
Mm PF = ES ee 
1 
1 2P ob 
) 
-—— a = a a De ar 
| 
[2 2+ 
| 
rar ii 
| 
(a) yes (b) no (c) yes (a) yes (b) no (c) yes 


Answers to Selected Odd-Numbered Problems 


13. 24+2V/3i 15. _5v3_ 5, 
2 2 
2 2 
17. 5.5433 + 2.29611 19. 8i; 2 - v2, 
21. 30V2 (cos S + isin s) ~ 40.9808 + 10.9808% 
23 v2 poms ie =* = Z lj 
ame 4 | 4 a 2 
25. —512 27. yi 
29. —64i 31. 32 (cos a 1 isin *) = 16/3 + 16: 


33. cos20 =cos?6—sin?6, sin20 = 2sin@cos6 


35. n=6 


Exercises 1.4, page 26 


In answers 1-18, the principal nth root is given first. 
1. wo = 2, wi =—-14+ V3i we = -1— V3i 


3. Wo = 31, wi = —37 
V2, V2, V2 V2. 

5. wo = 1, UW1 = a 
2 2 2 2 

7. wo= es + Ded. w1 & —1.0842 + 0.29057, we & 0.2905 — 1.08427 
v2 V2 

9. wo= v2 v6 w= v2 V6 ; 
2 2 2 2 

11. wo =24 1, W1 = 2-—i 


13. wo © 1.3477 + 0.1327i, wi © 0.8591 + 1.0469, 
we & —0.1327 + 1.3477i, ws & —1.0469 + 0.85913, 
wa & —1.3477 — 0.1327i, ws & —0.8591 — 1.04693, 
we © 0.1327 — 1.3477i, wr © 1.0469 — 0.8591i 

15. (b) 443i, —4— 3: 


17. 22 (1 } i); 2 (1 t) 
L We. 1 Wo 
19. (b) n=3: 1, 5 tos GS 38 


n=4:1,7,—-1,-1; 
n=d: 
1,0.38090+0.95112, —0.8090+0.58787, —0.8090—0.58787, 0.3090—0.95112, 


v2, v2, V2 v2. 
2 22 2 2 


25. (c) 


ANS-3 
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Answers to Selected Odd-Numbered Problems 


Chapter 1 

Exercises 1.1, page 7 

1. (a) 1 (b) —2 (c) —1 (d) i 

7— 13% —7+ 51 

7. 11-10% 9. 2+ 3% 

11. -$- i 13. 8-3 
23 64. : 
15; 37 372 17. 207 
19, + US; 21. —5+ 12% 
23. 128 — 128% 25. Re(z) = 7, Im(z) = 
x 

27. 29. —2y—4 

e 2 + y? 9 y 
31. —Im/(z) 33. Re(z) + Im(z) 
35 ee 87. 2=-2+i 

v2 v2. V2 v2. 

39 Ae ee ee or OS = pe gS 
41. 2=-i5+ fi 43. 2, =17+411i, 2 =7+ 13% 

Exercises 1.2, page 14 

5. 16— 12% 7. right triangle 

2 

9. 2 11. 2 
13. («—1)? + (y— 3)? 
15. 11— 62; 10+ 8% 17. the line x-—y=1 
19. the line y=2 21. the rectangular hyperbola ry = 1 
23. the circle centered at (1, 0) of radius 1 
25. the parabola y” = 4(a — 1) 
29. 6 31. 2=-3-i 


Exercises 1.3, page 21 


1. z= 2(cos 27 + isin 2m); z = 2(cos0 + isinO) 
3nisi«gsiC T\ 7 
3. 2 3 (cos 5 +i7sin Sie 3 {cos ( ~) F isin ( =) | 


z= V3 (cos isin SE); 2 = VE (cos 4 + isin 2) 


z= 2}/cos lis + 2sin i [2S 2 Ge 2 
6) 6) I’ 6 6 


5. 


11. 


,— 3v2 wae” edn" 2 = 3V2 
2 4! 4 J? 2 


z = 3 (cos 8.34486 + isin 8.34486); z = 3 


eg eee) 


(cos 2.06168 + i sin 2.06168) 


Answers to Selected Odd-Numbered Problems ANS-9 


Exercises 2.3, page 76 


1. |w—3i| <1 3. |w| <3 
5. |w+i| <2 7. triangle with vertices 27, 1 + 2i, and 3% 
9. triangle with vertices 0, 4V2+ 4V/2i, and —i/2 + 4V/2i 

11. triangle with vertices i, —3+ 7%, and —2: 


13. f(z) =ToMo R(z) where R(z) = e™/?z, M(z) = 3z, and T(z) = z+4 


15. f(z) = To Mo R(z) where R(z) = e™*z, M(z) = dz, and 
T(z) =z4+1- V3i 

17. f(z) =iz4+2i 19. f(z) =e 424i 

21. f(z) =2z-1,g(z) =%z 


23. (a) w(t) = (20 + b)(1—t) 4+ (41 + 0)t,0 < t < 1, the line segment from 
zotbtoz+b 


(b) w(t) = azo(1 —t) + az1t,0 <t <1, the line segment from azo to az1 
(c) w(t) = azo(1—t) + az1t,0 < t <1, the line segment from azo to az1 
25. (a) f(z) =2e™/4z +144 (b) f(z) =2e™/4z2 +144 
(c) f(z) =2e7/4z241+4+i 
1. arg(w) = 37 3. u=9- dv?,-~ << 
5B. u=4v0"—7,-00 <u<o 7. v=0,-co<u<0 
9. |ul=} 


11. Image consists of the arcs: v = 0, O< u<1l;u=0, 0 <v < 2; 
u=1-4v7,0<v<2. 


tu?, OS v <2; 


13. Image consists of the arcs: v=0, -lL<u<lj;u=1-—q 


u=tv-10<v<2. 


15. Image is a ray emanating from 1 — 7 and containing (V3 — 1) a4; 1— vis 
not in the image. 


17. v=4— 4(ut3)?,-co<u<co 19 |w)=1, 4m <arg(w) < 30 

21. (a) arg(w) = }n (b) arg(w) = 20 (c) arg(w) = 8x 

23. (a) 1<|w| <4, $a <arg(w)< 3a (b) 1<|wl <8, 2a <arg(w) < 3a 
(c) 1< ful <16 

25. 4V2-4V2i 27. §+5Vva 

29. 5718+ 5 V2i 31. arg(w) = 37 

33. arg(w) = in 35. |w| = 3,-47 < arg(w) < in 

37. u=3 


39. the region bounded by the lines u = 2 and v = 2 containing the point 
w=34+4i 


ANS-10 


Answers to Selected Odd-Numbered Problems 


Exercises 2.5, page 107 


21. 


|w| = 2 3. |w| = §, —37/4 < arg(w) < 7/4 
$< |u| <3 7. arg(w) =—47 
lw + 54] = 5 11. v=i 

-uak 

. Image is the region bounded by |w + $| = } and |w + $| = 5. 

. Image is the region bounded by v = 0, v = —u, and |w| = 2 and 


containing the point —3 + 27 


(a) Invert in the unit circle, reflect across the real axis, rotate through 7/2 
counterclockwise about the origin, magnify by 2, then translate by 1. 


(&) Jw-1-4i]=3 aes 
(a) if f(z) =1/z and g(z) = z?, then h(z) = g(f(z)) 
(b) u= 47-1 (c) u=i-v? 


Exercises 2.6, page 128 


1. 
5 
7. 
9 
13. 


17. 
19. 


21. 
25. 
29. 
33. 
37. 
41. 
43. 


—44 21 3. 3-7 


2 ol 


2+? cosl1+i(1+e?sin1) © 5.9923 + 7.2177i 


. 1- 3% 11. V2 
Nn 15. a 
(a) 1 (b) 0 (c) does not exist 
(a) 1 (b) 1 (c) no 
(d) -1 (e) does not exist 
z = 2% 23. Co 
0° a7. lim f(z) = f(2-#) =5 - 8 
lim f(z) = fi) = 4 31. lim f(2) = f(1) =3 
_jim , (@) = f(3-—21)=-64+3i 35. f(—i) is not defined 
jim, f(z) does not exist 39. lim f(z) does not exist 


the entire complex plane C 


all points in the complex plane except those on the circle |z| = 2 


Answers to Selected Odd-Numbered Problems ANS-23 


9. (b) (a2, y) =e "cosa 


Exercises 7.5, page 442 


1. (a) w=2?) (b) O(a, y)= ~[-Arg (2? + 1) — Arg (27) + 2Arg (2? — 1)] 


5 _ 1+2\? 
3 w ( ) ear 
1l-z 


(b) o(e, y)=14+= {ae 


(#4) -4} 
5. (a) w=sin (42) 
(b) ¢(a, y)=14+— = {- 3Arg [sin ez) + 1] +3Arg [sin (7 2) 


~ava[om(%2) -1]} 
) 


+Arg 


—2Arg 


7. (a) w=" (b) O(@.9) = ere +? 
6. 6) w= 22-1- V3 
lek i 
2z2-1- V3 
(0) Oe) = Say | apa 
11. (a) w=sin7'z (b) o(a, y)=5+ ta z| 
13. Q(z) = z* 15. Q(z) =coshz 


17. (a) z=7i— $[Ln(w+ 1)+ Ln(w — 1)| 


(b) 2(t) = mi — 4[Ln(t + 1+ éco)+ Ln(t — 1 + ice)] 


ll 2 1/2 -1 
19. (a) 2==|(w — 1)" + cosh w| 


(i) 2ey= { [(¢ + ic2)* — 1] /? + cosh(t + éea)} 


21. O(z) = Ln(z* + 4) — Ln(z* — 16) 


Chapter 7 Review Quiz, page 448 


1. false 3. false 
5. true 7. true 
9. false 11. true 


13. true 15. true 


ANS-22 
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11. w=cos = by entry H-4 of Appendix III. 


142)? 
13. w= € ) by entries H-5 and E-4 of Appendix III. 


e™/% 4 et/2 1/2 
= (<==) by entries H-6 and E-4 of Appendix III. 


Exercises 7.2, page 408 


1. T(0)=o0, T(1) =i, T(t) =1, T(oo) =0 

3. T(0) =—-1, T(1) =i, T(i) =~, T(w) =1 

5. \w| > 1 and u> 4 7. u<Oand |w—1|>2 
9. v>O0and |w—4|>5 11. v>Oandu<1 


13. The image consists of a set of all points w = u+iv such that |w + 3| > 3 and 
y= 0: 


15. The image consists of a set of all points w = u + iv such that |w + 4 > 2 
and u > —t. 


17. (@) $7) = (b) Str(2) = EEPE=* 
19. (a) S”'(z) = a (b) s“(r(2) == 
2z+2 y 
ate Oe 23. T(z) = 
25. T(z) = de 


(1+ 4t)z — (4+%) 


Exercises 7.3, page 418 


1. the first quadrant u>0,v>0 


3. the region bounded by the ray u = 0, 0 < v < on, the line segment v = 0, 
0<u<1, and the ray u=1,-—00o < v < 0, and containing the point 1+ 7% 


5. the region bounded by the ray v = 1, —co < u < 0, the line segment u = 0, 
0<v< 1, the line segment v = 0, 0 < u < 1, and the ray arg(z — 1) = 7/4, 
and containing the point 1 +7 


7. f'(z) = A(zt1)7¥?72-¥72(z-1)-¥?_ og, f'(z) = A(z $1718 27-13 
Exercises 7.4, page 426 

1. d(x, y)= =[Arg(2 +1) — 2Arg(z) + Arg(z — 1)] 

3. d(a, y)=5+ *[Arg(2 + 2) — 2Arg(z + 1) + Arg(z) — 5Arg(z — 1)] 


_ = = 5)\2 4.42 
5. d(x, y) = aie tan? (7) —tan71 (7 z pe log Chae) Ma 
T y y nm © x? + y? 
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-—3 
35. = (> -<*) 37. met 
57. log. 2 59. 1277 
61. 477 63. 1077 
r Van? 
—— ae 
a 8 c 16 
Exercises 6.7, page 384 
1 3 
1. ste 3. sag? 
k Ss 
5. s>k 7. Poe’ Pe 
9. at? 11. 5 sin 2t 
13. Sq sinh Vt 15. 8@-VOY (t — a) — e? VOY (¢ — a) 
: ; 1 
17. 4 sinht — 5 sint 19. ica 
Chapter 6 Review Quiz, page 386 
1. true 3. true 
5. true 7. true 
9. false 11. false 
13. true 15. true 
17. true 19. false 
21. —3 +4 6i 23. 2 — Bi 
25. |z-2-iJ=H4 27. 1/R 
29. ¢(z2+1)- B(zt1)? + (z+)? ----; R=5 
7 4 
31. 2+(z+1 
(+12 z+1 ee) 
33. 1 35. z 
37. 1, 7 
ST. 


39. (a) m+ 7% 


(b) 0 for n = 0; 0 for n = 1; 27i(1/1!) for n = 2; 0 for n = 3; 27i(—1/3!) for 
n = 4; 0 for n = 5; 27i(1/5!) for n = 6; and so on. 


Chapter 7 
Exercises 7.1, page 396 


1. f is not conformal at z= +1. 


3. f is not conformal at z = (2n+1)mi,n =0, £1, +2,.... 
5. f is not conformal at z= $(2n+1)r,n=0, +1, +2,.... 


ANS-20 Answers to Selected Odd-Numbered Problems 


19. (2n+1)r/2,n =0, £1, ... , are simple poles. 
21. 0 is a pole of order 2. 


23. (2n4+1)ri, n =0, +1, ... , are simple poles. 
25. 1 is a simple pole. 


27. essential singularity 


Exercises 6.5, page 349 


1. 2 3. -3 
5. 0 7. Res(f(z), —4i) = 4, Res(f(z), 4%) = 4 
9. Res(f(z), 1) = 3; Res(f(z), —2) = +, Res(f(z), 0) = -F 
11. Res(f(z), —1) =6, Res(f(z), —2) = —31, Res(f(z), —3) = 30 
13. Res(f(z), 0) = —3/n*, Res(f(z), 7) = (x? — 6) /2n* 
15. Res(f(z), (2n + 1)m/2) = (-1)"*', n=0, +1, +2,... 
17. 0; 27i/9; 0 19. ri; Ti; 0 
21. 7/3 23. 0 
25. 2nicosh1 27. —4t 
29. 62 31. (= + ~) a 
33. 27/3 


Exercises 6.6, page 370 


Ar 
1. — 3. 0 
V3 
7 Tv 
5. — 7 
V3 4 
9. wy 11. 7 (Se) 
6 12 — 7/3 
Tv 
15. 7 17 16 
30 T 
19. 3 21. 3 
7 Tv 
23. — 25. — 
V2 6 
27. me! 29. me! 
-V3 
31. me? 33. ie (cos v2 + sin V2) 
2/2 


Answers to Selected Odd-Numbered Problems ANS-19 


31. $0 (-1)*(2+1)*, R= v2; Sone i)*, R= V5 
k=0 k=0 


y 
x 
33 : 37. 1.1+0.12% 
eee a 
Exercises 6.3, page 334 
1 wag 2 1 1 1 
gai al gn ogee Slag sage 
e _e(z—1) e(z—1)7 | 1 1 ne 
ag oe gy eg ga ga Be 
i _ 2 
9 il 1 2 3. (2-3) ; 
3(z—3) 32° 33 34 
rr 1 1 1 2-4 (2-4) | 
: 3(z—4)? ' 3(z—-4) 12° 3-42 3-43 | 
1 11.2 # -1 ‘ 
1 1 1 1 1 
: Pz 2 Pp 2B es gan ae") 
‘2 1 2 2Wz+1) 2z4+1)? 
“ B(@41) 3? 33 34 
1 1 1 2 2 
a 322 8z 3383-2) 83 2? 
1 1 
21. 5 H243244224--- 23. ——5 — 3+ 6(z — 2) — 10(z 7) ae 
3 3 2 2 2 
25. A—4Az—4z7_... 27. -+-4 +14 1 
, Zz oS @-1) ' @—-1 z—-1 er) 
12. #8 
99, o4b-S a tee 
a De eu 


Exercises 6.4, page 340 


1. Define f(0) = 2. 3. Define f(0) =0. 
5. —2+7 is a zero of order 2. 
7. O is a zero of order 2; 7 and —i are simple zeros. 
9. 2n7zi,n=0, +1, ..., are simple zeros. 
11. order 5 13. order 1 
15. —1-+ 27 and —1 — 27 are simple poles. 


17. —2 is asimple pole; —i is a pole of order 4. 
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21. unit circle centered at the origin 
23. z:(t) and z(t) both describe a unit circle centered at the origin but have 
opposite orientations. 
25. 0 27. 3 
29. 2cos(2 + i) — 2cos 3% 31. 27 
33. 60? — mi 35. 2ni/(n—1)! 
37. 0 forn #A—-1 and 27i forn=—-1. 39. i-1 
Chapter 6 
1. 54, —5, —52, 5, 5a 3. 0, 2, 0, 2,0 
5. converges 7. converges 
9. diverges 
11. Jim Re(2n) = 2 and Jim Im(2n) = 3 and so L=2+ 3i. 
13. The series converges to z - 2%. 
15. divergent 17. convergent, —5 + 2% 
19. convergent, 2 — $i 21. |z-2i)=V5,R=V5 
23. |z—-1—-i)=2, R=2 25. |z—i| =1//10, R=1/V/10 
27. |z—4—3i|= 25, R=25 29. |z-iJ=4,R=4 
31. 2=-2+1 33. So°°, ze diverges. 


Exercises 6.2, page 321 


1. 


13. 


ts 


21. 


23. 


25. 


27. 


yo (-1)*t?2*, R=1 3. >> (-1)*-*k(2z)* 1, R=F 
k=1 k=1 
= (-1)* k = 1 2k+1 
2 = 7. = 
= kl (2z)", R=co & @k+D!* ,R=0o 
SS (-1)* Z\ 2h S (—1)* Ak+42 
= 11. 7 
2%, Qn) (S) ania oa | 
ay az 3i)*, R= 00 15. * (-1)*(z—-1)*, R=1 
k=0 'v k=0 
lo) 1 ae _ lo) a 7 7 _ 
p> Grape 2i)*, R= V13 19. Dg @-D' R=2 


v2_ v2 ry VB m2, V2? 
ae ones) eae) 


4 2-2! 4 
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Exercises 5.5, page 281 


. (a 


. 8ri 3. —2mi 
—1(20 + 81) 7. (a) —2n (b) 27 
—8r 11. —20e7'4 
ori 

) —57i (b) —5zxi (c) Ori (d) 0 
(a) —1(3 +i) (b) (3 +4) 19. 7 (2+ 12%) 
0 23. =i 
6 


- (a) 16;4 (b) 25;9 (c)7;3 


Exercises 5.6, page 294 


5. 


23. 


25. 
27. 
29. 


f(z) = cos Oo +isin 99 = e*”°, g(z) = f(z) = cos o—isin 9 = e~™ is constant 
and so is analytic everywhere. 


f(z) = 274+ 31, g(z) = f(z) = 22 — 37 is a polynomial function and so is 
analytic for all z. 


. F(a, y) = (2? —y? — 2ay)i + (y? — 2? — 2ay)j 
. F(a, y) = (e” cosy)i— (e” siny)j 


. A(z) = ez; equipotential lines are the family of straight lines 


xcos@9 + ysinfp = ci; the streamlines are the family of straight lines 
—xsin 09 + ycos 09 = C2. 


. Q(z) = z? —3iz; equipotential lines are the family of hyperbolas x? — y? +3y = 


ci; the streamlines are the family of hyperbolas 2xy — 3x = cz. 


. F(x,y) = —2ayit (y? — 2”); 
. (a) For a point (x, y) far from the origin, the velocity field is given by 


F(x, y) © Ai, that is, the flow is a nearly uniform. 


(a) The streamlines are Arg(z — 21) = ci, which are rays with vertex at 
Z2=72\. 


Circulation is 0; net flux is 0. 
Circulation is 0; net flux is 27. 


Circulation is —47; net flux is 127. 


Chapter 5 Review Quiz, page 297 


1. false 3. true 
5. true 7. true 
9. true 11. true 
13. false 15. true 
17. true 19. true 
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31. 


. —125/3/2; 
« 21 


. On each curve the line integral has the value 


. With p= kx, m= kr. 


Exercises 5.2, page 254 


whe dle 

Jo SIR MIE NOI oo 
| 
wlio 
~. 


iw) 
> 
lay 
nN 


. (a) —11 + 38% 


(b) 0 


Exercises 5.3, page 262 


20% 


nO) 
(a) —87i (b) —6772 
20 


. —671 


. Tt 
. 11.4928 + 0.96677 
. V2i 


11. 
15. 
19. 
23. 


—250(v/2 — 4) /12; 


208 
as 


27% 
(a) 27i (b) Ari 
—n(1+2) 


—Ari 


3. 48 + 241 


11. 
15. 
19. 
23. 


—0.9056 + 1.76992 


125 


2 


(c) 0 


Answers to Selected Odd-Numbered Problems ANS-15 


25. z= log, (1+ V2) + 4(2n +4 1)mi or z = log, (-14+ V2) + $(2n — 1)ri 
n=0, #1, 42... 


27. There are no solutions. 


33. cos zsinh z + sin z cosh z 35. isech? (iz — 2) 


Exercises 4.4, page 221 


1. $(4n + 1)m — ilog, (V2+41) and 4(4n — 1)m — ilog, (V2—1), n =0, 
shi, BD) va 


3. 4(4n +1) —ilog, (V2+ 1), n=0, +1, +2,... 


5. —$(4n—1)x,n=0, £1, +2, ... 7 £(4n+1)ri, n= 0, £1, £2, ... 
9. zlog,2+ $(8n+3)ri, n =0, +1, +2, ... 
11. (a) —ilog, (4 (V5 —1)) (b) 2V5 
13. (a) 4(m— arctan 2) + if log. 5 (b) 2 - 2% 
15. (a) log, (V2+1) — $7 (b) 4V2i 

Exercises 4.5, page 230 

1. d(x, y)=—-24+5 3. o(x, y) = 3V3a — 3y4+ 10 


5. d(x, y) =124+ * Arg(sin (zg-7m)+1)- * Arg(sin (z —7) —1) 


7. (a, y)=15—- * Arg(sin (iz) +1) 4+ “ Arg(sin (tz) — 1) 


Chapter 4 Review Quiz, page 232 


1. true 3. false 
5. false 7. true 
9. false 11. false 
13. false 15. true 
17. true 19. true 
21. e” cosy, e” siny 23. log, 2+ ami 
25. Ina —ilog,2,n=0, +1, +2,... 27. nonpositive real axis 


29. 4 log. 2+ $(8n+ 1)ri, n=0, +1, +2,... 


31. 22 =e?" 35. cosh 4 
37. sinaxcoshy, cos x sinh y 39. +1 
Chapter 5 
Exercises 5.1, page 243 

1 
1. 3. —— 


5. 41n9 7. 8e7' — 12e~? 
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Chapter 4 
Exercises 4.1, page 191 


1. 2767+? + Qze7t* 


dia a 

9. e’ cosx — ie’ sina 11. 
13. f is nowhere differentiable 15. 
17. e< |w|<e? 19. 
21. log. 5+ (2n + 1)ri 23. 
25. 3log.2+ 3(6n+4 1)ri 27. 
29. 2.5650 + 2.74687 31. 
33. 2log.2+ 4(4n + 1)ni 35. 


3. ie’* tie ** 


22+ 2n7,n=0, +1, +2, ... 


e* —¥” cos (2xy) + ie® — sin (2xy) 
arg(w) = —2 

1< |w| < 2, —1/4 < arg(w) < 1/2 
3 log, 2+ 4(8n + 3)ri 

3 log, 72 — #7 

Slog, 2— Zn 

4+4(4n —1)ri 


37. differentiable on the domain |z| > 0, —m < arg(z) < 7, 


f(z) = 62 — 2ie”"* + - 


1 


39. differentiable when z is not on the ray emanating from 57 containing 


2 


2 
2a ; — 2zLn(2z — i) 
—1+ 44; 24 -i, and z £1, f’(z) = — 
5h ZF Ft, f'(z) (+1? 

Al. v=@n 43. u=2log,2, -1m<vu<4 
45. log. 3 <u<log.5, -t<u<qt 

Exercises 4.2, page 199 

1. e BCD n= 0, +1, +2,... 

3. JS2e8rtr/4+i[(8nt+1) 7/4 (log. 2)/2] n=0, +1, +2, . 

5. ef 4rt 7/2 9) 0, +1, 4+2,... 7 e 

9. e't log. 2 11. e 7 +48 loge 2 


15. 3W7/2e7"/8 


Exercises 4.3, page 212 


1. tsinh4 & 27.28997 


17. Vden7/3+il(#/4) Hog. 2] 


3. cos2cosh4 + isin 2sinh4 © —11.3642 + 24.8147 


sinh 4 
. ——i w 0.96402 
5 nae ry 0.96402 


1- cosh 2” 


2D 108800 


9. z= 2nr—ilog, (V2- 1) or z = (2n+1)n —ilog, (/2+1),n=0, +1, 


+2,... 
11. z=4(4n41)x, n =0, +1, +2,... 


19. tan (2) - Dect (2) 
Z z Z 


21. -1 23. $V3cosh1 + if sinh 1 © 1.3364 + 0.5876: 


Answers to Selected Odd-Numbered Problems ANS-13 


23. di 
25. 8i 


27. f is not analytic at z= —3+ zi 


29. f is analytic for all z 


Exercises 3.2, page 157 


17. a=1,b=3 23. f'(z) =—e *cosyt+ie “siny 


Exercises 3.3, page 162 


9. f(z) =2+i(yt+C); f(z) =2? —y? + i(Qay + C); 


_ 2 2 F aay . 
f(z) = log. (a* +y ) +i (tan EC); 
(a 


f(z) =e" (xcosy — ysiny) + ie*(xsiny + ycosy + C) 


1l. f(z) =cy+ar+42y 5+i(4y? dar ty 2x +1) 


y . - a 
13. (b) = Gage eee iC ; 


Exercises 3.4, page 170 


1 t=a,y=c 


3. ar = 2 +y’, —cy = 2? + y?; the level curves u(z, y) = 0 and 
v(a, y) = 0 correspond to x = 0 and y = 0, respectively. 


9. (a) d(x) = —50a + 50 (b) Q(z) = —50x + 50 — 50yi 
11. (a) (6) = a 6) oS = = = inge 


Chapter 3 Review Quiz, page 172 


1. false 3. true 
5. true 7. true 
9. true 11. true 
ee aL 15. 24% 


- (22 + Biz — 4)? 


y=1f =@=1* ,¢—2@ = DY -D 
le=i1P +e- lr  e-te +@-1)7 


17. fi(z)= 
19. constant 


21. v(x, y) =e *(xcosy + ysiny) 
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Chapter 2 Review Quiz, page 138 


1. false 
5. true 
9. false 
13. false 
17. true 
21. 2? —y?+y, 24 2ry 
25. (1+i)(1—t)4+ 2ti,0<t<1 
29. doubles 
33. 4V3+4 ti 


3. 
7. 
11. 


37. f(z) 
Chapter 3 
1. f(z) =9i 
5. f(z) =14+ 5 
9. f'(z) = 423 — 2z 
13. f'(z) = 827 — 72° + (6 — 301)z° — 2z41 


) ee 
15. f’ A= 22 + (2+ 21)z-—24 2% 


(Ge4+1—7)? 


17. f'(z) = 10 (z* — 2iz? +z)? (425 — 4éz +1) 


. false 

. false 

. true 

. true 

. true 

. imaginary 

. rotation, magnification, translation 
. parabolas 

. 2+4,-4-i 

- 0<2<o,yF0 


f' (2) = 3iz® — 14z 
f'(z) = 10z — 10 
f'(z) = (10 — 5é)z4 + 4iz? — 62 


Answers to Selected Odd-Numbered Problems ANS-11 


Exercises 2.7, page 137 


ii. (b) y 
4r 
Br 
oL 
it a 
ie ee ere 
3.4 -£3 2-1 T 3 4 
a. Se 
2b 
3b 
—4l 
3. (b) y 
Ar 
Br 
wa 
1 
1 1X L 4 4 4 4. A L 1x 
3 4 43 2-1 T 2 3 4 
-1b 
A \ 
31 
—4l —4l 
5. (a y b y 
(a) ri (b) : 
Br Si. 
2b f 7 
1 1 
—— — i —e ne 
-43 2-1 T 2 3 4 43 -2 1 T 2 3 4 
-1- 1b 
ail al ‘ 
—3- 3h 
-4 -4 
7. (a y b y 
(a) Pi (b) 5 
15 f 
1 < 
0.5 0.5 
2-15-1105 Nos 1 15 2° 2415-105 | 05 1152" 
—0.5b -0.5/ 
al: -if 
-1.5/ -1.54 \ 
-ol ol 
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17. sense 19. triples 


21. circle 23. ee 


2% = £23 22 — 21 
25. 1/2, 30/4 27. 1/5 


29. e=) 
1—t—ico 


Indexes 


IND-8 


Word Index 


Entire function, 145 
Epsilon-delta proofs, 113-114 
e€—neighborhood, 112, 302 
Equality of complex numbers, 2-3 
Equipotential curves, 167-168 
Error function, 322 
Essential singularity, 336 
Euclidean isometry, 79 
Euler’s formula, 39 
Evaluation of real integrals by 
residues, 352, 354, 357, 359 
Even function, 355 
Exact first-order differential 
equation, 288 
Exponential form of a complex 
number, 39-40 
Exponential function: 
algebraic properties of, 56, 178 
analyticity of, 177 
definition of, 39, 55, 176 
derivative of, 177 
fundamental region for, 180 
inverse of, 186-187 
Maclaurin series for, 318 
mapping properties of, 180-181 
modulus of, 178 
periodicity of, 54, 179 
Exponential order, 376 
Extended: 
complex number system, 33 
complex plane, 103 
real number system, 32 
Exterior point of a set, 31 


Factorization of a quadratic 
polynomial, 38 
Fixed point, 78 
Flow around a unit circle, 138 
Fluid flow: 
circulation of, 290-292 
ideal, 285, 287 
incompressible, 167, 285 
irrotational, 167, 284 
net flux of, 290-292 
planar, 135, 284 
sink of, 291, 294 
source of, 291, 294 
stagnation point of, 295 
streamlines for, 135, 286, 287 


velocity field for, 135, 284 


Flux, net, 290, 292 
Flux lines, 167 
Fourier integrals, 357 
Fourier transform, 381 
Function(s): 


analytic, 145 

bounded, 124 

branch of, 187, 197, 217 
branch point of, 127, 188 
complex, 50 

complex conjugation, 101 
composition of, 71-72, 78 
constant, 117, 156 
continuous, 120, 122 
definition of, 50 
derivative of, 142 
differentiable, 142 
discontinuous, 120 
domain of, 50 

entire, 145 

exponential, 39, 53, 55, 176 
of exponential order, 276 
harmonic, 160 

harmonic conjugate, 160 
holomorphic, 145 
hyperbolic, 209 

identity, 117 

image under, 50 
imaginary part of, 51-52 
input of, 50 

integrable, 237, 248 
inverse of, 88 

inverse hyperbolic, 219 
inverse trigonometric, 215-216 
limit of, 120 

linear, 68, 71 
logarithmic, 182, 185 
meromorphic, 340 
multiple-valued, 94-95 
multiple-to-one, 95 
one-to-one, 88 

output of, 50 

periodic, 179 

polar coordinate description of, 54 
polynomial, 80, 146 
power, 194-196 

principal branch of, 187, 197 
principal nth root, 93 


Word Index 


Convergence of an improper integral, 


356 

Convergence of an infinite series: 
absolute, 306 
conditional, 306 
definition of, 303 
necessary condition for, 305 
tests for, 306-307 

Convergence of a power series, 307 
circle of, 307 
radius of, 307-308, 318 
tests for, 306-307 

Convergence of a sequence, 302-303 
in terms of real and imaginary 


parts, 303 
Convex set, 35 
Cosine: 


hyperbolic, 209 
inverse of, 216 
Maclaurin series for, 318 
as a mapping, 208 
trigonometric, 200, 204 
zeros of, 205 
Critical point, 393 
Crosscut, 259, 261 
Cross ratio, 406 
invariance of, 406-407 
Commutative laws, 3 
Cubic formula, 44 
Curl of a vector field, 167, 285 
Curve: 
closed, 237, 246 
initial point of, 237 
opposite, 246 
oriented, 246 
piecewise smooth, 237, 246 
simple closed, 237, 246 
smooth, 237, 246 
terminal point of, 237 


Definite integral, 236-237 
Deformation of contours, 259 
Deleted neighborhood, 29 
de Moivre’s formula, 20 
Depressed cubic equation, 44 
Derivative: 

of complex exponential function, 

177 
of complex hyperbolic functions, 


IND-7 


209-210 
of complex inverse hyperbolic 
functions, 220 
of complex inverse trigonometric 
functions, 218 
of the complex logarithm, 188 
of complex trigonometric 
functions, 206 
definition of, 142, 146 
evaluation of, 142 
formula for, 155 
of power series, 314 
rules for, 143 
symbols for, 142 
Differentiability implies continuity, 
146 
Differentiable at a point, 142 
Differential equation, 38 
Differentiation of a power series, 314 
Differentiation, rules of, 143 
Dirichlet problem, 168, 420, 429 
in a half-plane, 228, 420-421 
steps for solving, 225, 429 
for unit disk, 425-426 
Discontinuous at a point, 120 
Disk, 29 
closed, 31 
open, 31 
punctured, 32 
Distance between two points, 11 
Distributive law, 3 
Divergence: 
of improper integrals, 354 
of sequences, 302 
of an infinite series, 304, 305, 306, 
307 
of a vector field, 167, 285 
Division of complex numbers, 3, 5 
in polar coordinates, 18 
Domain: 
connected, 31 
definitions of, 31, 50 
doubly connected, 257 
of a function, 50 
multiply connected, 257 
simply connected, 256 
triply connected, 257 


Electrostatic potential, 166, 432 


Word Index 


at infinity, 32 

integer powers of, 19 

modulus of, 10 

multiplication of, 3-4 

nth power of, 19-20 

polar form of, 16 

principle argument of, 17 

principle nth root of, 25 

pure imaginary, 2 

rational powers of, 26-27 

real part of, 2 

reciprocal of, 6 

roots of, 24 

system C, 3 

subtraction of, 3-4 

triangle inequality for, 12 

vector interpretation, 10-11 
Complex parametric curve, 62, 246 
Complex plane, 10 

distance in, 11 

imaginary axis of, 10 

real axis of, 10 
Complex potential function, 167, 

227 

Complex power function, 80 

analyticity, 197 

definition of, 195 

derivative of, 197 
Complex powers, 194 

principal value of, 196 
Complex representation of a vector 
field, 133 
Complex sequence, 302 

convergence of, 302-303 

divergence of, 302 
Complex series, 303 
Complex squaring function, 81 
Complex trigonometric functions, 

200-201 

Complex-valued function of a 
complex variable, 50 
Complex-valued function of a real 
variable, 56, 248 
Complex velocity, 289 
Complex velocity potential, 167 
Composition of functions, 71-72, 78 

transformations, 404 
Conformal mapping(s): 

definition of, 391 


and the Dirichlet problem, 429 
and the Neumann problem, 
434-435 
streamlining, 437-438 
table of, APP-9 
Conjugate of a complex number, 4-5 
Connected set, 31 
Conservation of energy, 166 
Conservative vector fields, 166 
Constant map, 71 
Continuity: 
of a complex function, 120 
at a point, 120 
of polynomial functions, 123 
of rational functions, 124 
of a real function, 119, 122 
on a set, 122 
Continuous functions: 
bounding property of, 124 
imaginary part of, 122 
properties of, 123 
real part of, 122 
Continuous parametric curve, 128 
Contour: 
closed, 237, 246 
definition of, 246 
deformation of, 259 
indented, 359 
initial point of, 237, 246 
length of, 252 
negative direction of, 246 
opposite, 246 
orientation of, 246 
parametrization of, 246 
piecewise smooth, 237, 246 
positive direction on, 246 
simple, 237, 246 
simple closed, 237, 246 
smooth, 237, 246 
terminal point of, 237, 246 
Contour integral: 
behavior of, 357, 359 
bounding theorem for, 252 
definition of, 247-248 
evaluation of, 249-250 
fundamental theorem for, 266 
properties of, 251-252 
Contraction, 71 
Contrapositive of a proposition, 154 


Word Index 


Cauchy-Riemann equations: 
derivation of, 152-153 
necessity of, 152 
in polar form, 156 
sufficiency of, 154-155 

Cauchy’s inequality, 278 

Cauchy’s integral formulas: 
for derivatives, 275 
for a function, 273 

Center of mass of a wire, 245 

Center of a power series, 307 

Chain rule of differentiation, 143 

Circle: 
equation of, 29 
parametrization of, 63 

Circle of convergence, 307 

Circle-preserving property, 402 

Circulation of velocity field, 290-292 

Closed: 
curve (contour), 237, 248 
disk, 31 
region, 31 

Complex conjugate, 4 

Complex conjugation function, 101 

Complex constant function, 117 

Complex exponential function: 
algebraic properties of, 54, 178 
analyticity of, 177 
definition of, 39, 53, 176 
derivative of, 177 
mapping properties of, 181 
periodicity of, 54, 179 

Complex function: 
analytic, 145 
bounded, 124 
branches of, 125 
conjugation, 101 
constant, 117, 156 
continuous, 120 
definition of, 50 
derivative of, 142, 146, 155 
differentiable, 142 
domain of, 50 
entire, 145 
exponential, 39, 53, 176 
hyperbolic, 209 
identity, 117 
imaginary part of, 52 
inverse hyperbolic, 219 
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inverse trigonometric, 215-216 

limit of, 112 

linear, 68, 71 

logarithmic, 182 

as a mapping, 58 

polar coordinate form of, 54 

polynomial, 80, 146 

power, 194 

principal square root, 86 

real part of, 52 

range of, 50 

rational, 100, 146 

reciprocal, 100 

squaring, 81 

square root, 86 

trigonometric, 200-201 

as a two-dimensional fluid flow, 

133 

velocity, 289 
Complex impedance, 41 
Complex integral: 

definition of, 247 

evaluation of, 249-250 
Complex logarithm: 

algebraic properties of, 184 

analyticity of, 187-188 

definition of, 182 

derivative of, 188 

branch cut for, 187 

principal branch of, 187 

principal value of, 184-185 
Complex mapping, 58 
Complex matrices, 44 
Complex number(s): 

absolute value of, 10 

addition of, 3-4 

argument of, 17 

associative laws for, 3 

commutative laws for, 3 

complex powers of, 194 

conjugate of, 4-5 

definition of, 2 

distance between, 11 

distributive law for, 3 

division of, 3, 5 

equality of, 2-3 

exponential form of, 39-40, 53 

geometric interpretations of, 10 

imaginary part of, 2 
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Word Index 


Absolute convergence of a 
series, 306 

Absolute value, 10 
Addition of complex numbers, 3-4 
Additive identity, 4 
Additive inverse, 6 
Adjoint matrix, 405 
Amplitude spectrum, 385 
Analytic function(s): 

definition of, 145 

derivative of, 155 

on a domain, 145 

at a point, 145 

product of two, 146 

quotient of two, 146 

singular point of, 146 

sum of two, 146 

zeros of, 279, 337-338, 363, 365 
Analytic mapping, 223, 429 
Analytic part of a Laurent series, 325 
Angle between curves, 391-392 
Angle magnification, 393 
Angle of rotation, 70 
Angles equal: 

in magnitude, 390 

in sense, 390 
Annular region, 32 
Annulus, circular, 31 
Antiderivative: 

definition of, 266 

existence of, 269 
Arc length, 252 

integration with respect to, 239 
Arcsine, 215 
Argument: 

of a complex number, 17 

of a conjugate, 22 

as a multiple-valued function, 95 

principal value of, 17 

principle, 363 

of a product, 18 

of a quotient, 18 
Arithmetic operations on complex 

numbers, 3-5 

Associative laws, 3 
Auxiliary equation, 39 


Bilinear transformations, 400 
Binomial series, 331 
Binomial theorem, 8 
Boundary conditions, 223, 420, 
429-430 
mixed, 435 
Boundary point of a set, 31 
Boundary of a set, 31 
Boundary value problem, 429 
Bounded: 
function, 124 
polygonal region, 410 
sequence, 312 
set, 32 
Bounds: 
for analytic functions, 278, 280, 
283-284 
for a continuous function, 124 
for a contour integral, 252 
Branch: 
of a complex power, 197 
cut, 126 
of an inverse hyperbolic function, 
219 
of an inverse trigonometric 
function, 217 
of the logarithmic function, 
187-188, 190 
of a multiple-valued function, 
125 
point, 127, 188 
principal, 126, 187 
of root functions, 126 
Bromwich contour integral, 378 


Capacitor, 40 
Cauchy, Augustin Louis, 2 
Cauchy-Goursat theorem: 
for multiply connected domains, 
259-261 
proof of, 257, APP-4 
for simply connected domains, 258 
Cauchy principal value of an 
integral, 355 
Cauchy product of two infinite series, 
322 
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z%, 194 a aaa 
sin z, 200 k=1 
cos z, 200 Sn, 303 
tanz, 201 Sax (z — 20)*, 307 
sinh z, 209 k=0 
oO Fk) 
cosh z, 209 ee (20) (, — 29), 315 
k! 

tanh z, 209 k=0 
in! oO Fl) 
sin z, 215 Se ek, 316 
cog" 2, 216 an. 

=i foe) 
tan’ z, 216 9 ite agh an 
sinh’ z, 219 ome 
cosh~! z, 219 Res(f(z),20), 342 
tanh z, 219 PV, 355 

b Qn 
[ fae, 237 | F(cos6,sin@) d0@, 352 
a 0 
[ Plewae+ Qe,u)av, 241 i f(x) dx, 354 

Cc —oo 


Cand —C, 246 


/- f(a) cosaxdx, 357 
| f(z) dz, 247 aa 
Cc 


a f(x)sinaxdx, 357 
$ fle)ae, 248 a 

c LAF}, 374 

div F or V-F, 285 L-{F(s)}, 377 


curl F or Vx F, 285 U(t—a), 381 
O'(z), 289 B{f(x)} and F'{F(a)}, 381 
Re ( ¢ f(® az), 292 T(z) = cee 400 

C cz+d 

C B= £3 29 — 21 


{en}, 302 do 


—, 434 
dn’ 


IND-2 


Symbol Index 


Symbol Index 


\z|, 10 

|z2-z]|, 11 

r, 16 
z=r(cos#+isin@), 16 
arg(z), 17 

Arg(z), 17 

Wr, 24 

gu, D5 

gul®, 26 

|z—zo| =p, 29 

|z — z0| < p and |z — zo| < p, 29 


pi <|z—20| < pe, 31 


co, 33 
e”, 39 
e*, 39 
z=re”, 40 
Dom(f), 50 
Range(f), 50 
w= f(z), 50 
y= f(x), 51 


u(a,y) and v(a,y), 52 
u(r, 0) and v(r,@), 54 


S' and C’, 59 

f(C), 59 

z(t) = x(t) + iy(t), 62 

fog, 71 

p(z) = an2” +++ +a,z+ a9, 80 
2/2, 86 

f-*, 88 

f(z) = p(z)/a(z), 100 

e and 6, 111 

jim f(@) =L, 112 


fi(z) and f2(z), 125 
lim f(z) =L, 127 


lim f(z) =o, 128 


220 
F(x,y) = P(x, yji+ Q(z, y)j, 133 
Az, Ax, Ay, and Aw, 142 

f', 142 

dw 


? 
dz aaa 


142 


Ou 10v Ov 1 Ou 
= and = 


grad f or Vf, 165 

Q(z), 167 

o(a,y) = c, and (x,y) = ce, 167 
log.z, 182 

Inz, 182 

Ln z, 185 
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principal square root, 86 
range of, 50 

rational, 100, 146 
real, 51 

real part of, 51-52 
reciprocal, 100 
regular, 145 
single-valued, 94 
singular point of, 146 
squaring, 81 

stream, 167 
trigonometric, 200-201 
value of, 50 

vector, 284 

zeros of, 337-338 


Fundamental region for exponential 


function, 179-180 
Fundamental theorem: 
of algebra, 279, 283 
of calculus, 236 
of contour integrals, 266 


Gauss, Carl Friedrich, 2 
Gauss’ mean value theorem, 283 
Generalized circle, 109 
Geometric series, 303-304 
Goursat, Edouard, 258 
Gradient: 

field, 166 

of a scalar function, 165-166 
Green’s theorem, 257 
Group, 79 


Half plane, 29-30 
Harmonic conjugate function, 160 
Harmonic function, 159 

under an analytic mapping, 223 
Harmonic series, 308 
Heat flow, 132, 167, 435 
Hermitian matrix, 44 
Holomorphic, 145 
Hyperbolic functions: 

defined, 209 

derivatives of, 209-210 

inverses of, 219 

properties of, 210 

relationship to trigonometric 

functions, 210 
zeros of, 211, 214 
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Ideal fluid, 167, 285 
Identity mapping, 72 
Image: 
of a parametric curve, 63 
of a point under a mapping, 58 
of a set, 59 
Imaginary axis, 10 
Imaginary circle, 109 
Imaginary part: 
of a complex function, 52 
of a complex number, 2 
Imaginary unit, 2 
Impedance, 40 
complex, 41 
Improper integrals: 
convergent, 354 
divergent, 354 
principal value of, 355, 373 
Incompressible fluid, 167, 285 
Indefinite integral, 266 
Indented contour, 359 
Independence of path, 265 
Indeterminate form(s), 33, 147 
Inequalities: 
Cauchy’s, 278 
Jordan’s, 372 
ML, 253 
triangle, 12 
Infinite limit, 127 
Infinite series: 
absolute convergence of, 306 
Cauchy product of two, 322 
convergent, 303 
geometric, 303-304 
partial sum of, 303 
sum of, 303 
tests of convergence, 306-307 
Infinity point at, 32 
Initial point: 
of a curve, 237, 246 
of a vector, 10 
Input, 50 
Insulated boundary, 434 
Integrable, 237, 248 
Integrals: 
Cauchy principal value of, 355 
complex, 247, 249-250 
contour, 248 
definite, 236-237 


Word Index 


evaluation by residues, 347, 
352-353, 354-355, 357, 359 
improper, 355, 359, 361-362 
independent of the path, 265 
line, 238-239 
real, 236-240 
Integral transform, 375 
Integration along a branch cut, 361 
Integration by parts, 270 
Integration of power series, 314-315 
Interior point of a set, 29 
Invariance of Laplace’s equation 
under a mapping, 162, 223 
Invariant set under a mapping, 78 
Inverse Fourier transform: 
definition of, 381 
evaluated by residue theory, 
382-383 
Inverse function, 88 
Inverse hyperbolic functions, 219 
derivatives of, 220 
Inverse Laplace transform, 374 
definition of, 377 
evaluated by residue theory, 378 
Inverse trigonometric functions, 
215-216 
derivatives of, 218 
Inversion in the unit circle, 100 
Trrotational flow, 167 
Isolated singularity, 324 
Isotherms, 167-168 


Jordan’s inequality, 372 
Joukowski airfoil, 442 
Joukowski transformation, 442 


Kernel of an integral transform, 375 
Kinetic energy, 166 


Lagrange’s identity, 23 
Laplace transform: 
analyticity of, 377 
definition of, 374 
existence of, 376 
inverse of, 374, 377-378 
Laplace’s equation, 159, 222 
invariance of, 162, 223 
in polar coordinates, 163 
Laplacian, 159 


Laurent series, 326-327 
analytic part of, 325 
principal part of, 325 
Laurent’s theorem, 327 
Level curves, 164 
L’Ho6pital’s rule, 147, 149 
proofs of, 151, 324 
Limit(s): 
of a complex function, 112 
imaginary part of, 116 
infinite, 127 
at infinity, 127 
nonexistence of, 113 
properties of, 117 
of a real function, 111, 115 
real part of, 116 
of a sequence, 302-303 
Linear approximation, 76 
Linear fractional transformation: 
circle preserving property of, 402 
composition of, 404 
cross ratio for, 406 
definition of, 400 
on extended complex plane, 401 
inverse of, 404-405 
as a matrix, 404 
Linear function, 68, 71 
as a composition of a rotation, 
magnification, and translation, 
72 
as a magnification, 70 
as a rotation, 69 
as a translation, 68 
Linear mappings, 68, 71-73 
image of a point under, 72 
Linear transformation, 384 
Line equation of, 62 
Line integrals in the plane, 238-241 
Line(s): 
of flow, 167, 287 
of force, 167-168 
of heat flux, 167-168 
parametrization of, 62 
segment, 63 
Liouville’s theorem, 279 
Location of zeros, 366-367 
Logarithmic function: 
algebraic properties of, 184 
analyticity of, 187-188 


Word Index 


partial sums of, 303 
power, 307 
ratio test for, 306 
remainder of, 317 
root test for, 307 
sum of, 303, 304 
summation of, 367-368 
Taylor, 315-316 
Sets: 
annular region, 32 
boundary of, 31 
boundary points of, 31 
bounded, 32 
closed, 31 
connected, 31 
convex, 35 
domain, 31 
doubly connected, 257 
exterior points of, 31 
interior points of, 29 
multiply-connected, 257 
open, 29 
polygonal, 410 
region, 31 
simply connected, 256 
unbounded, 32 
Simple: 


closed curve (contour), 237, 246 


pole, 336 
zero, 338 
Simply connected domain, 256 
Sine: 
hyperbolic, 209 
inverse of, 214-215 
Maclaurin series for, 318 
as a mapping, 206-207 
trigonometric, 200 
zeros of, 205 
Singularity, 146, 324 
essential, 336 
isolated, 318, 324 
nonisolated, 325 
removable, 336 
pole, 336 
Sink, 291, 294, 440-441 
Skew-Hermitian matrix, 44 
Smooth curve, 237, 246 
Solenoidal vector field, 285 
Source, 291, 294, 440-441 


Speed, 135 
Squre root function, 86 
Stagnation point, 295 
Steady-state: 
charge, 40 
current, 40 
temperature, 229 
Stereographic projection, 33 
Stream function, 167, 437 
Streamlines, 135, 167-168, 287-288, 
437-438 
Streamlining, 437-438 
Subtraction of complex numbers, 3-4 
Sum of a series, 303 
of a geometric series, 304 
Summing infinite series by residues, 
367-368 


Table of conformal mappings, APP-9 
Tangent function: 
hyperbolic, 209 
trigonometric, 201 
Taylor series, 315 
Taylor’s formula with remainder, 317 
Taylor’s theorem, 316 
Temperatures, steady, 229, 231 
Terminal point: 
of a curve, 237 
of a vector, 10 
Tests for convergence of series: 
ratio, 306 
root, 307 
Test point, 403 
Transformations: 
conformal, 390-392 
linear, 68, 71-73 
linear fractional, 399-400 
Schwarz-Christoffel, 412-413 
Transform pairs, 375 
Translation, 68 
Triangle inequality, 12 
Triangulated closed polygonal 
contour, APP-7 
Trigonometric functions: 
analyticity of, 205-206 
definitions of, 200-201 
derivatives of, 206 
identities for, 201-202 
inverses of, 215-216 


Word Index 


of a real improper integral, 355, 
373 


Principle of deformation of contours, 


259 
p-series, 306 
Product: 
of two complex numbers, 3-4 
of two series, 322-323 
Properties of continuous functions, 
123 
Properties of limits, 117 
Punctured disk, 31-32 
Pure imaginary number, 2 
Pure imaginary period, 54 


Quadratic: 
equation, 37 
formula, 37 


polynomial, 38 
Quotient of complex numbers, 
3, 5 


Radius of convergence, 307 

Range of a function, 50 

Ratio test, 306 

Rational function, 100 

continuity of, 124 

Rational power of a complex 
number, 26-27 

Reactance, 40 

Real axis, 10 

Real function, 50, 51 

Real integrals: 

definition of, 236-239 

evaluation of, 236, 239, 240 

Real limits, 111, 115 

Real multivariable limits, 115 

Real number system R, 3 

Real part: 

of a complex function, 52 

of a complex number, 2 

Real-valued function of a complex 
variable, 55 

Real-valued function of a real 
variable, 50 

Rearrangement of series, 309 

Reciprocal of a complex number, 
6 

Reciprocal function, 100 


IND-13 


on the extended complex plane, 
104 
Reflection about real axis, 67 
Region, 31 
Regular, 145 
Removable singularity, 336 
Residue: 
definition of, 342 
at an essential singularity, 349 
at a pole of order n, 344 
at a simple pole, 343, 345 
theorem, 347 
Riemann, Bernhard, 95 
Riemann mapping theorem, 396 
Riemann sphere, 33 
Riemann surface: 
for arg(z), 96-97 
for e*, 191 
for sin z, 212 
for sin ‘z, 221 
for 27, 95-96 
Rigid motion, 69 
Root: 
of complex numbers, 23-24 
test for infinite series, 307 
of unity, 27 
Roots of polynomial equations, 37, 
383 
Rotation, 69 
angle of, 70 
Rouché’s theorem, 365 


Schwarz-Christoffel formula, 413 
Sequences: 

bounded, 312 

convergent, 302 

divergent, 302 

real and imaginary parts of, 303 
Series: 

absolute convergence of, 306 

conditional convergence of, 306 

convergence of, 303 

divergence of, 304, 305, 306 

geometric, 303 

harmonic, 308 

Laurent, 324-327 

Maclaurin, 316 

necessary condition for 

convergence, 305 
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Partial fractions, 351 
Partial sum of an infinite series, 303 
Pascal’s triangle, 8 
Path independence, 265 
Path of integration, 239, 246 
Period: 
of cosine, 202 
of exponential function, 54, 179 
of sine, 202 
Periodic function, 179 
Picard’s theorem, 342 
Piecewise continuity, 376 
Piecewise smooth curve, 237, 246 
Plane: 
complex, 10 
extended, 103 
Planar flow of a fluid, 135, 167 
streamlines of, 135, 167 
Points: 
boundary, 31 
branch, 127, 188 
fixed, 78 
image of, 72 
at infinity, 32 
initial, 10-11 
interior, 29 
preimage of, 59 
singular, 146 
stagnation, 295 
terminal, 10-11 
Poisson integral formula, 420-425 
for unit disk, 425 
for upper half-plane, 424 
Polar axis, 16 
Polar coordinates, 16 
Polar form: 
of Cauchy-Riemann equations, 156 
of a complex number, 16 
of Laplace’s equation, 163 
Pole: 
of order n, 336, 339 
in the polar coordinate system, 16 
residue at, 342-345 
simple, 336 
Polygonal region in the complex 
plane, 410 
Polynomial, factorization of, 38, 283 
Polynomial function, 80 
continuity of, 123 


Position vector, 10 
Positively orientation of a curve, 242, 
246 
Potential: 
complex, 167 
electrostatic, 166 
energy, 166 
function, 166 
of a gradient field, 166 
velocity, 167 
Power rule, 143 
for functions, 143 
Power series: 
absolute convergence of, 307, 309 
arithmetic of, 309 
Cauchy product of, 322 
center of, 307 
circle of convergence, 307 
coefficients, 315 
convergence of, 307 
definition of, 307 
differentiation of, 314 
divergence of, 307 
integration of, 314-315 
Maclaurin, 316, 318 
radius of convergence, 307, 
308 
rearrangement of, 309 
Taylor, 313, 315-316 
Powers of a complex number: 
complex, 194-196 
integer, 19, 20 
rational, 26, 27 
Pre-image, 59 
Principal argument of a complex 
number, 17 
Principal branch: 
of the logarithm, 187-188 
of 2%, 197 
of z1/?, 126 
Principal nth root function, 93 
Principal part of a Laurent series, 
325 
Principal square root function, 86 
Principal value: 
of an argument, 17 
Cauchy, 355 
of complex powers, 196 
of logarithm, 185 
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definition of, 185 

derivative of, 188 

mapping by, 189 

mapping properties of, 189 

principal branch of, 187 

principal value of, 184-185 
LRC-series circuit, 40 


Maclaurin series, 316 
for e*, sin z, and cos z, 318 
Magnification, 70 
factor, 71 
Mapping(s): 
analytic, 223, 429 
that commute, 78 
complex, 58 
conformal, 390-392 
by conjugation function, 101 
constant, 71 
by exponential function, 180 
identity, 72 
image of a set under, 59 
linear, 68, 71 
lines to circles, 105, 403 
by logarithmic function, 189 
multiple to one, 95 
of a parametric curve, 63 
reciprocal, 102 
by squaring function, 61, 81-85 
by trigonometric functions, 206 
Mathematica, use of, 65, 134, 137, 
416, 426, 440, 431-432 
Maximum modulus theorem, 280, 
283 
Mean value theorem: 
for real definite integrals, 271 
Gauss’, 283 
Meromorphic function, 340 
Minimum modulus theorem, 284 
Mixed boundary conditions, 435 
MT-inequality, 253 
Mobius transformations, 400 
Modulus of a complex number: 
definition of, 10 
properties of, 11 
Morera, G., 279 
Morera’s theorem, 279-280, 283 
Multiple-to-one mapping, 95 
Multiple-valued functions, 94 
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notation for, 95 
Multiplication of complex numbers, 
3-4 
in polar coordinates, 18 
Multiplication of power series, 
322-323 
Multiplicative identity, 4 
Multiplicative inverse, 6 
Multiplicity of a zero, 338 
Multiply connected domains, 257 


Negative orientation of a curve, 242, 
246 
Neighborhood of a point, 29 
deleted, 29 
Net flux, 290-292 
Neumann problem, 434 
Nonexistance of a limit, 113 
Nonisolated singularity, 325 
Norm of a partition, 237, 247 
Normal derivative, 434-435 
Normalized vector field, 134 
North pole, 33 
nth roots: 
of a complex number, 23-24 
of unity, 27 
nth term test, 305 


One-to-one function, 88 

Open set, 29 

Opposite curve, 246 

Order of a pole, 336, 339 

Order of a zero of a function, 337, 
338 

Ordered system, 9 

Orientation of a curve, 242, 246 

Orthogonal families of curves, 164 

Output, 50 


Parametric curve, 61-62, 237, 246 
continuous, 128 
image of, 63-64 
Parametric equations, 61, 237, 246 
Parametrization: 
of a circle, 63 
of a curve, 61-62, 246 
of a line, 62 
of a line segment, 63 
of a ray, 63 
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mapping by, 206-207 

modulus of, 204 

periods of, 202-203 

zeros of, 205 
Trigonometric identities, 201-202 
Triply connected domain, 257 
Two dimensional vector field, 133, 

166 


Unbounded polygonal region, 410 
Unbounded set, 32 
Uniform flow, 138, 290 
Uniqueness: 
of Laurent series, 334 
of power series, 319 
of unity in complex number 
system, 9 
of zero in complex number 
system, 9 
Unitary matrix, 44 
Unit circle: 
flow around, 138 
inversion in, 100 
Unit step function, 381 
Unity, roots of, 27 


Value, absolute, 10 
Value of a complex function, 50 
Vector, 10 
Vector field: 
conservative, 166 
complex representation of, 133 
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definition of, 133 
gradient, 166 
irrotational, 167, 284-285 
normalized, 134 
solenoidal, 285 
two-dimensional, 133, 284 
velocity, 135 

Velocity: 
complex, 289 
field, 135 
of a fluid, 135, 284 
potential, 167 

Vortex, 296 


w-plane, 58-59 
z-axis, 10 
y-axis, LO 


Zero(s): 
of an analytic function, 337-338 
of the complex number system, 
4 
of hyperbolic functions, 211, 214 
isolated, 339 
location of, 366 
number of, 279, 365 
of order n, 337 
of polynomial functions, 279 
simple, 338 
of trigonometric functions, 205 
z-plane, 10 


